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 Cellulose nanocrystals (CNCs) are extracted from cellulose materials by removing amorphous 
parts through acid hydrolysis. The nanometric CNCs with rod shape have intrinsically well-ordered 
crystalline structures. CNCs have been used as nanofillers for nanocomposites and promising carbon 
precursor based on the high mechanical properties, natural abundancy, high crystallinity, high surface 
area, and many functional groups on the surface. Based on these features, the carbonized CNCs and the 
pristine CNCs have been mainly studied for the applications. 
 In chapter 2, spray-dried CNCs (SD-CNC) were carbonized to prepare the highly efficient 
carbon anode material for sodium ion batteries (SIBs). Development of SIBs paves a new way as an 
alternative of lithium-based batteries. Even though sodium has similar chemical properties to lithium, 
it is unable to achieve facile intercalation reaction of sodium ion in graphite because of the larger ionic 
radius of Na (102 pm) and narrow interlayer distance of graphite (0.335 nm). Thus, new carbon-based 
anode materials for SIBs should be developed. SD-CNCs were carbonized at the various carbonization 
temperature (i.e., 800–2500 ℃) and the anodes for SIB were prepared from the carbonized SD-CNCs. 
The microstructure of carbonized SD-CNC was investigated and electrochemical performance was 
measured. Upon increasing carbonization temperature, the less ordered structures are decreased, 
resulting in the decrease of the irreversible and sloping capacities. The ordered crystal structure with d-
spacing above 0.37 nm are developed up to 1500 °C, resulting in the increase of plateau capacity. The 
d-spacing is suddenly dropped down to 0.345 nm at 2500 °C, and it leads to the dramatical decrease of 
plateau region. By correlating the microstructure with the electrochemical performance, the sodium ion 
storage mechanism was derived. The sloping capacity (above 0.2 V) is attributed to the sodium ion 
adsorption to the structural defects and the plateau region (below 0.2 V) is attributed to the sodium ion 
intercalation between graphene layers. Among the carbonized SD-CNCs, the carbonized SD-CNC show 
the best performance in SIBs, which is the reversible capacity of 310.6 mAh g–1 at 10 mA g–1 with 
highest initial coulombic efficiency (ICE) of 85%. Also, it shows the excellent specific capacity 
retention of 92.3% even after 400 cycles at 100 mA g−1. 
 In chapter 3, freeze-dried CNCs (FD-CNCs) with nanometric and fibrillar morphology were 
prepared by freeze drying for the precursor of carbon nanofillers from CNCs with the well-ordered 
crystal structure. Then, FD-CNCs are carbonized for the preparation of high-surface area carbons. 
Structural evolution mechanism of FD-CNCs was investigated during carbonization from 1000 to 
2500 °C. The weak and amorphous structure from the pristine state was converted into amorphous 
carbon or amorphous (A)-component with heat-treatment while the intrinsically highly crystallized 
parts become turbostratic (T)- or graphitic (G)-components at the low carbonization temperature of 
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1000 °C. The FD-CNCs undergo four stages of structural development with carbonization temperature: 
In stage 1, the carbons with turbostratic structure are developed. In stage 2, small carbon crystallites 
with many defects are observed while the more ordered structure is seen as compared to the stage 1. In 
stage 3, graphitic crystals begin to develop, and subsequently in stage 4, the size of graphitic crystals 
dramatically increases via coalescence and lateral inter-fusion between crystals with removal of the 
defects. Meanwhile, the effects of oxidative stabilization are negligible due to the rapid heat diffusion 
and uniform structural change based on the high surface area of FD-CNCs. Carbonized FD-CNCs show 
the superior dispersibility due to the high surface area, indicating the possibility for carbon nanofillers. 
 In chapter 4, CNCs were applied as a reinforcement to enhance the mechanical properties of 
polymer. Polyether imide (PEI)/cellulose nanocrystal (CNC) nanocomposite fibers were dry-jet wet 
spun at CNC concentrations of 0, 1, 3, and 5 wt.% with respect to the polymer. The as-spun fibers were 
drawn in the draw ratio (DR) range from 2.8 to 7, and the behavior of their mechanical properties and 
fiber structures has been studied upon drawing at various amounts of CNC. At a DR of 7, the tensile 
strength and modulus of control fibers were 466.2 MPa and 8.1 GPa, respectively, and those of 
PEI/CNC3 fibers were 408.9 MPa and 9.2 GPa, which are the highest of any mechanical properties 
reported previously. The increase in tensile modulus by the addition of CNC was significantly 
influenced by the alignment of CNC along the fiber axis and the high specific modulus of CNC itself, 
rather than by the alignment of PEI polymeric chains. CNC, which is a crystalline material, already 
showed a high degree of orientation in the as-spun fibers and they became further aligned rapidly with 
drawing. Whereas, the orientation of amorphous polymeric chains developed slowly and exhibited still 
a low orientation factor even after drawing to a maximum extent. Further, the degree of orientation of 
PEI chains in the composite fibers was lower than that in the control fibers, indicating that the CNC 
disturbed PEI alignment to the axial direction. This research suggested that optimizing processing 
condition can maximize the mechanical properties of even amorphous polymers and adding nanofillers 
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Chapter 1.  Introduction to cellulose nanocrystals 
 
1.1 Cellulose Nanocrystals (CNCs) 
 Cellulose is the most abundant biopolymer available on the earth and it is considered as 
primary carbon resource capable of mass production at low cost. It is found in a variety of organisms 
such as tunicate, algae, bacteria, fungi as well as plants and woods 1, 2. Cellulose is a fibrous, tough, and 
insoluble polymer in water and it plays an indispensable role in maintaining the structure of plant cell 
walls. The figure 1.1 shows the chemical structure of cellulose formed by condensation. Cellulose is 
composed of β-1,4-linked glucopyranose units that form a linear homo-polymer with high molecular 
weight, in which every monomer unit is corkscrewed at 180° with respect to its neighbors 1-3. The degree 
of polymerization of cellulose can vary depending on the source and it is approximately 10,000 glucose 
units for wood-derived cellulose and 15,000 units for cotton-derived cellulose. Each glucopyranose unit 
bears three hydroxyl groups, which impart cellulose some of the characteristic properties such as 
hydrophilicity, chirality and biodegradability which are initiated by the high reactivity of the hydroxyl 
groups. The ability of these hydroxyl groups to form strong hydrogen bonds is the main reason for some 
other properties such as multiscale microfibrillar structure, hierarchical organization (crystalline and 
amorphous fractions), and highly cohesive nature.  
 
Figure 1.1 Chemical structure of cellulose. 
 
 Nanocomposites show exclusive properties compared to conventional composites based on 
the nanometric size effect 4. Nanofillers can interact strongly with the polymer matrix based on the 
enlarged interface area, resulting in strong reinforcing effects. The improved properties of polymer 
nanocomposites have been reported in recent researches even at low content of reinforcements. In these 
days, polymer materials based on the renewable and biodegradable resources as like cellulose have 
attracted considerable attention for sustainability. The reinforcing ability of cellulose is primarily 
ascribed to its semi-crystalline structure and the extended chain conformation of cellulose molecules in 
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the crystalline regions. This structure results from the strong intermolecular hydrogen bonding from the 
hydroxyl groups of the cellulose molecule. By removing amorphous regions through acid hydrolysis, 
the resulting nanometric crystalline materials can be obtained, which is called by cellulose nanocrystals 
(CNCs). Among various nanocellulose materials, CNCs can be of great interest as a ‘green’ nanofiller 
for polymer nanocomposites due to the unique properties based on the high crystallinity 3-6.  
 
1.2 Preparation of Cellulose Nanocrystals 
1.2.1 Crystalline structure of cellulose 
 There are four representative polymorphs of crystalline cellulose (I, II, III, IV). Cellulose I 
structure is the naturally occurring crystal structure produced by various species (plants, trees, tunicates, 
bacteria and algae) 3, 7. Cellulose I structure is classified into two kinds of polymorphs, cellulose Iα (a 
triclinic structure) and cellulose Iβ (a monoclinic structure), which fraction depends on the source. The 
Iα structure is the dominate in most algae and bacteria, whereas Iβ is the dominant in plant cell wall 
cellulose and in tunicates 3, 7. For both Iα and Iβ unit cells, the cellulose chains are arranged in what is 
called the “parallel up” configuration. Since the cellulose repeat unit has a different structure on either 
side of the 1–4 linkage, the directionality of the 1–to–4 linkage (1–4 linkage) along the length of the 
cellulose chain affects how neighboring chains interact with each other 3, 7. The term “parallel” is used 
when all the cellulose chains are arranged such that the 1–4 link points in the same direction. The “up” 
configuration corresponds to the 1–4 link direction pointing in the positive c-axis direction of the unit 
cell. Thus, all cellulose chains are arranged such that the 1–4 link points in the same direction and that 
direction is in the positive c-axis direction of their respective crystalline unit cell. 
1.2.2 Extraction of cellulose nanocrystals 
 Cellulose nanocrystals (CNCs) is produced by removing amorphous regions of the cellulosic 
materials through acid hydrolysis. This acid hydrolysis step is followed by centrifugation, dialysis, and 
ultrasonication. Different strong acids have been shown to successfully degrade non‐crystalline 
(amorphous) regions of cellulose fibers to release crystalline cellulosic nanoparticles, such as sulfuric, 
hydrochloric, phosphoric, hydrobromic, nitric acids, and a mixture composed of hydrochloric and 
organic acids 1-3, 6. Nevertheless, the acid hydrolysis with sulfuric acid has been used and appears to be 
the most effective method. One of the main reasons for using sulfuric acid as a hydrolyzing agent is 
related to the dispersibility of CNCs. During hydrolysis, sulfuric acid reacts with the hydroxyl groups 
on surface of CNCs via an esterification process allowing the introduction of anionic sulfate ester groups 
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(–OSO3−). 1-3, 6 These sulfate groups are randomly distributed on the surface of CNCs. The presence of 
these negatively charged groups induces the formation of a negative electrostatic double layer in 
aqueous system, and it leads to the promotion of dispersion of CNCs in water. The CNC obtained by 
sulfuric acid‐hydrolysis form the highly stable dispersed state in water by the electrostatic repulsion 
between individual nanoparticles. 
 Sebe et al. 7 reported that CNC with cellulose II structure can be obtained directly by treatment 
of microcrystalline cellulose (cellulose I substrate) with sulfuric acid by both controlling the amount of 
H2SO4 introduced and the time of addition during the hydrolysis process. They found that CNCs with 
cellulose II structure were significantly smaller than CNC with cellulose I structure, and they had 
rounded shapes like ribbon-shape morphology compared with the CNC with cellulose I wtructure of 
needle-shape morphology.  
1.2.3 Mechanical properties of Cellulose nanocrystals 
 The mechanical properties of CNCs have been attractive for the application of nanofillers of 
polymer nanocomposites 4, 5, 8-14. Outstanding mechanical properties can be obtained by blending CNCs 
and a polymer matrix even at low filler contents. The properties originate from the high stiffness of 
crystalline cellulose that provides the strength to higher plants, the nanoscale dimensions, and high 
aspect ratio of the nanoparticles, and the high reactivity of cellulose 4, 5, 8-14. 
 For cellulose I, the elastic modulus is around 137 GPa when considering intramolecular 
hydrogen bonding, and 92 GPa without intramolecular hydrogen bonding, evidence of the important 
role of intramolecular bonding on the determination of the crystallite modulus and chain deformation 
mechanism 4. For cellulose II, the average value is around 113 GPa 4. The lower value observed for 
form II is ascribed to lower intramolecular hydrogen bonds, whereas the intermolecular hydrogen bonds 
were found to play a minor role. The highest mechanical reinforcement effect of CNCs is observed 
when using unmodified nanoparticles bearing hydroxyl groups and for materials processed by casting 
evaporation from a liquid medium in which they are homogeneously dispersed. Grunert et al. 15 studied 
the reinforcement effects of unmodified and modified CNCs in polymer nanocomposites. They prepared 
the topochemically trimethylsilylated CNCs to improve the interaction with the hydrophobic matrix of 
cellulose acetate butyrate by reducing hydrophilicity of CNCs. They found that the unmodified CNCs 
exhibited better reinforcements due to the high hydrogen bonding. 
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1.3 Carbonization of Cellulose Nanocrystals 
1.3.1 Carbonization mechanism of cellulose nanocrystals 
 Eom et al. 16 studied the structural evolution mechanism of cellulose nanocrystals during 
carbonization in the temperature range of 1000 – 2500 °C. Raman shows the three stages of structure 
developments of CNCs during carbonization depending on the carbonization temperature; (1) formation 
of turbostratic-graphitic structure below 1500 °C (1st stage), (2) phase conversion to polycrystalline 
graphite between 1500 and 2000 °C (2nd stage), and (3) in-plane homogenization to highly ordered 
graphite above 2000 °C (3rd stage). They also reported that the structure of stabilized and carbonized 
CNC has been developed due to dehydration at low temperature, which help the heteroatoms be 
removed, compared to directly carbonized CNC at the same temperature. 
 Zhu et al. 17 reported that the formation of nanometric graphitic carbon from the ordered CNC 
even at 1000 °C. The in-situ TEM data proves the formation of graphitic carbon from CNC under 
1000 °C carbonization. performed the simulation to investigate the low-temperature carbonization 
mechanism of CNCs below 1000 °C. They also performed molecular dynamics (MD) simulation to 
analyze the formation mechanism of ordered carbon from CNCs. At 600 K, the cellulose bundle which 
contains 36 cellulose chains with 4 repeat units remains in a rather crystalline configuration. At 800 K, 
the crystalline configuration shows collapse of crystal boundary. The further decomposition of the 
cellulose bundle is caused with the increase of temperature. At 900 K, the original bundle has been de-
polymerization into segments such as H2, H2O, CO, CO2 and carbon radicals. At 1300 K, the entire 
cellulose bundle has been decomposed, and four carbon radicals and some other segments emerge. 
 Souza et al. 18 studied the CNCs with various morphologies were carbonized in the 300–
1000 °C. They reported that the morphology of obtained carbonized CNC is attributed to the precursor 
arrangement. They also have observed the highly ordered graphitic carbon with rod-like structure in 
carbonized CNC at 1000 °C by TEM images. They carefully suggested that the formation of graphitic 
structure in carbonize CNC may be attributed that CNCs have strong hydrogen bonding, and it leads to 
welding of the carbon particles to form complex structures during carbonization. 
 Cho et al. 19 prepared fibrous carbon materials from self-assembled CNC fibers obtained by 
freeze drying. They reported that the CNCs with nanomicron and submicron fiber morphologies 
maintained their original morphologies after carbonization at 1000 °C, which is demonstrated by SEM 
images. They also suggested the importance of stabilization at low temperature in an oxidative 
atmosphere, which stabilize the cellulose materials by dehydration and by the formation of double 
bonds. The stabilization process can improve yield and properties of carbonaceous materials. 
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Chapter 2.  Structure dependent sodium ion storage mechanism of 
cellulose nanocrystal-based carbon anode 
 
2.1 Introduction 
 The demands of lithium ion batteries (LIBs) have been continuously increased, but new battery 
systems should be developed due to the depletion of lithium resources and resulting high cost. Thus, 
sodium ion batteries (SIBs) have been attractive as a substitute based on the similar electrochemistry 
with lithium and resource abundancy. However, the graphite which is the commercial anode of LIB 
shows the extremely low capacity in SIBs. lithium has the smallest ionic radius which enables reversible 
intercalation into the graphite anode 20-22, but sodium intercalated graphite is thermodynamically 
unstable as proved by positive formation energy 21. Also, the narrow interlayer distance of graphite 
(~0.34 nm) enables exfoliation of graphene layers by solvated sodium ions, which is not appropriate for 
practical application 22-26. Moreover, calculated binding energy of NaC6 is demonstrably lower than that 
of LiC6 21. Therefore, new anode materials should be developed. 
 Among the various candidate for anodes, hard carbon materials have been regarded as the 
attractive candidate due to wide d-spacing, lots of pores and defects for sodium ion storage as well as 
the low cost of precursors 27-29. The high fraction of defects and pores contribute to the considerable 
reversible capacity 17, 30-32. However, several researches have reported that hard carbons show 
supercapacitor-like voltage profiles and the poor rate capability 17, 28. Also, some hard carbons with the 
high surface area cause the high irreversible capacity, which reduces specific energy density of full cell 
17, 33, 34. Thus, the further process such as coating with soft carbon or additional chemical reactions is 
required to reduce the surface area 33, 35. To avoid these complex processes, simple and low-cost 
processing of carbon-based anode materials with high-performance and high-energy should be required. 
 Among the hard carbon precursors, cellulose materials are attractive materials due to the 
abundant polymer resources in the earth 1, 2. Removing amorphous parts of cellulose thorough acid 
hydrolysis, cellulose nanocrystals (CNC) are achieved 1, 2. Obtained cellulose nanocrystals (CNC) is 
regarded as promising carbon precursor for hard carbon-based anode material with its intrinsically well-
ordered crystal structure and high crystallinity 16, 17. The microstructure of carbonized CNCs have been 
investigated with the carbonization conditions 16. The microstructure such as the d-spacing, pores, 
surface area and defects in crystal depends on the carbonization temperature. Also, the long-range 
ordered graphitic structure is formed even at low temperature of 1000 ℃ due to the original crystal 
structure of CNC unlike the conventional cellulose materials. In addition, the morphology of CNC 
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depends on the drying process such as spray drying and freeze drying, resulting in the tunable surface 
area 36, 37. 
 Throughout temperature scanning (i.e., 800–2500 ℃), microstructure of the carbonized SD-
CNCs are investigated to prepare the efficient carbon anode materials for SIBs. Electrochemical 
performance of carbonized SD-CNCs depends on the microstructures (less ordered structures and d-
spacing). By the correlation of microstructure with the electrochemical performance, sodium ion storage 
mechanism in the carbon-based anode will be confirmed. Detailed observation on the sodium ion 
storage sites in the carbonized CNCs helps understanding on charge-discharge mechanism of sodium 
ion in carbon anodes. 
 
2. 2. Experimental Section 
2.2.1. Carbonization of CNC 
 Spray-dried CNCs (SD-CNCs) were produced by CelluForce Co. (Canada) The as-received 
CNC powders were dried at 65 °C overnight and then directly carbonized at 800, 1000, 1500 and 2500 
oC (hereafter, referred to as SD-D800, SD-D1000, SD-D1500 and SD-D2500, respectively) under argon 
(Ar) at a heating rate of 5 °C min–1 using a box furnace (Nasil Tech Co., South Korea) without isothermal 
heat treatment at the target temperature. 
2.2.2 Cell preparation 
 Anode electrode was prepared with carbonized CNC, binder (styrene butadiene rubber (SBR) 
and sodium carboxymethyl cellulose (CMC)), and carbon black (Super P) with the weight ratio of 8:1:1, 
using a Thinky Super Mixer (ARE-310) for 15 min. The mixed slurry was casted on Cu current collector 
by film coating technique using a doctor blade and dried at 100 °C for 12 h in a vacuum oven. 2032-
coin cells were assembled in an Ar-filled glove box for half-cell test. The electrolyte was 0.7 M NaClO4 
in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1, v/v), and 10 wt.% of fluoroethylene 
carbonate (FEC) (PuriEL). A Glass-fiber filter (GFF) membrane (Whatman) was used to prevent short 
circuit between the anode and Na metal. 
2.2.3 Characterization 
 The morphology of the as-received and carbonized CNC was observed using scanning electron 
microscopy (SEM, Novanano230, FEI Co.) at an accelerating voltage of 10 kV. The samples were 
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placed on the carbon tape and coated with platinum at 20 mA for 45 s. The dimension and microstructure 
of the carbonized CNC were examined by a high-resolution transmission electron microscopy (HRTEM, 
JEM-2100. JEOL) operated at 200 kV accelerating voltage. The Brunauer-Emmett-Teller (BET) tests 
were measured on BELSORP-max (BEL Japan Inc.) by nitrogen adsorption-desorption isotherms to 
calculate the surface area. The pore size distributions were estimated by Barret-Joyer-Halenda (BJH) 
model. The crystal structure of carbonized CNC was evaluated by wide-angle X-ray diffraction (WAXD, 
D8 Advance, Rigaku) with Cu-Kα radiation (λ=1.54 Å) operating at 40 kV and 200 mA. Raman spectra 
of carbonized CNC were measured using an Alpha 300s micro Raman spectrometer (WITec) from 10 
sites with 100 accumulations with accumulation time of 1s. The excitation wavelength was 532 nm and 
the laser power was 0.5 mV. Raman curve fitting was performed with the Peakfit software package to 
determine the spectral parameters. X-ray photoelectron spectroscopy (ESCALAB 250XI, Thermo 
Fisher Scientific) was performed to investigate the atomic percentage and the composition of sp2 and 
sp3 carbons in carbonized SD-CNCs. 
 The electrochemical properties were measured by galvanostatic charge/discharge test 
(WBCS3000) with the voltage window between 0.01 V vs. Na/Na+ and 2.5 V vs Na/Na+. The specific 
capacity of CNC-based electrode was calculated based on the total weight of active material on 





2.3. Results and discussion 
2.3.1 Morphological analysis  
 SD-CNC used in this study was prepared from wood fibers by removing amorphous part 
through acid hydrolysis, followed by dilution, neutralization, and spray drying (Figure 2.1). Figure 2.1a 
shows a TEM image of dispersed CNCs with the nanometric and fibrillar morphologies. The dimension 
of individual CNC was 23.9 ± 3.3 nm in diameter and 197.2 ± 4.4 nm in length as shown in Figure 2.1b 
and 2.1c. The pristine SD-CNCs show the form of fine powder (Figure 2.1d), and the form was 
preserved even after carbonization (Figure 2.1e). The prepared anode of carbonized SD-CNC is 
represented in Figure 2.1f. As shown in Figure 2.2a, SD-CNCs macroscopically shows the densely 
aggregated morphology due to the drying process of spray-drying 36, 37. The SEM images of carbonized 
CNCs are also shown in Figure 2.2b-e and the compact morphologies of pristine CNCs are maintained 
even after carbonization. It is interesting that the pores were formed on the surface of granule after 
carbonization, which was not observed on the surface of pristine SD-CNC (Figure 2.2f-j) 38, 39. To 
investigate the surface area and pore volume, N2 adsorption-desorption measurements were performed 
(Figure 2.3), and the Brunauer-Emmett-Teller (BET) surface area and the pore distribution were 
calculated (Table 2.1). The surface area and pore volume of carbonized SD-CNCs are higher than those 
of the pristine SD-CNC because of the emission of volatile byproducts by the decomposition during 
carbonization, corresponding to the rough surface with pores (Figure 2.2g-j). With the increase of the 
carbonization temperature, the surface area and total volume fraction decrease. It is attributed to the 
increase in density of carbon by the growth and fusion of graphitic crystal based on the high thermal 
energy 40. The surface area of all carbonized CNCs except SD-D800 is below 10 m2/g. The surface area 
is important factor for the reversible capacity and long-term performance in battery system, because the 
solid electrolyte interphase (SEI) layer is formed on the surface of carbon anode by consuming sodium 
ion. During the first charge/discharge, it is well-known that the carbon with low surface area shows the 
low irreversible capacity, resulting in the high ICE. Therefore, except SD-D800, all carbonized CNCs 
will show the low irreversible capacity and it can be achieved by the usage of the appropriate carbon 





Figure 2.1 Schematic description of obtaining CNCs from natural source (wood, etc.). (a) TEM 
micrograph of the dispersed CNC, exhibiting rod-shape morphology. (b)-(c) Length and diameter 
distribution of CNC calculated from TEM images through Image J. (d)-(f) Photographs of the spray-
dried CNC, the carbonized CNC, and the carbonized CNC-based anode fabricated on Cu foil, 
respectively. The composition of the anode was the carbonized CNC, the binder (styrene butadiene 






Figure 2.2 (a) SEM image of the spray-dried CNC (precursor). The precursor CNC exhibits compact 
morphology with various granule sizes. (b)-(e) SEM images of the CNCs carbonized at 800, 1000, 1500 
and 2500 ℃, respectively. (f)-(j) The high magnification SEM images of (a)-(e), respectively. The pore 












Figure 2.3 (a) N2 adsorption-desorption isothermal curve and (b) the pore size distribution of carbonized 
CNC. 
 
Table 2.1 The summary information about the structural properties of carbonized CNCs. The surface 
area and pore volume is based on the BET and BJH. 

























SD-CNC 0.7 0.0018 – – – – 
SD-D800 192.6 0.0888 0.386 19.5 62.6 23.9 
SD-D1000 9.0 0.0078 0.385 8.5 87.5 39.8 
SD-D1500 6.7 0.0074 0.373 6.3 93.7 48.7 
SD-D2500 1.5 0.0043 0.346* 3.4 96.6 62.8 
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2.3.2 Microstructural analysis 
 To investigate the microstructure of carbonized CNCs, the WAXD and Raman measurements 
were performed. In WAXD patterns (Figure 2.4a), the SD-D800 and SD-D1000 exhibited the broad two 
(002) and (10) peaks, indicative of the low degree of structural development. The (002) peak started to 
shift to right from 800 to 1500 ℃, corresponding that the structural evolution is developed with 
narrowing interlayer distance from 0.386 to 0.373 nm (Table 2.1) 16, 41. On the other hand, the SD-D2500 
showed two sharper peaks at 26.0 and 26.5° with the broad hump at 25.8°, which is characteristic of 
partly graphitized hard carbons at high temperature (usually above 3000 ℃) 16, 42, 43. The d-spacing of 
SD-D2500 was calculated from broad hump at 25.8° and it is 0.346 nm. Because the minimum 
interlayer distance for sodium ion insertion between graphene layers is 0.37 nm, the microstructure of 
SD-D2500 seems to be inappropriate to the sodium ion intercalation 44. Raman spectra were normalized 
with the intensity of G-band and the experimental ratio of ID/IG ratio is represented in Figure 2.4b. Upon 
increasing carbonization temperature, G- and D-bands start to appear clearly with the decrease of ID/IG 
ratio and SD-D2500 shows the low ID/IG ratio below 1.0. Raman spectra were deconvoluted by peak 
fitting to closely examine the graphitic structure (Figure 2.5a-d). D-band at around 1350 cm-1 is 
attributed to the disordered graphitic carbon such as edges of graphene layer, and G-band at around 
1580 cm-1 is assigned to the ordered graphitic carbon 16, 41, 45, 46. TPA-band (transpolyacetylene band) 
around 1200 cm-1 is attributed to the polyenes (indicative of not hexagonal structure) or ionic impurities 
46. A-band (amorphous band) is assigned to amorphous carbon, which is usually observed in the 
carbonization at low temperature 46. Additionally, a small shoulder on the G-band around 1610 cm-1 is 
assigned as the D’-band (It can be observed in only SD-D2500 in Figure 2.5d), which can be observed 
in the surface of structural developed carbons 46. In the fitted Raman spectra, ID/IG ratio and the percent 
of amorphous were calculated (Figure 2.6). The percent of amorphous indicates the summation with 
areas of TPA- and A-band. The SD-D800 and SD-D1000 exhibit the broad D-band with high intensity 
of TPA- and A-band (Figure 2.5a and 2.5b), indicating the less developed structure as mentioned in 
XRD. In SD-D1500, the D- and G-bands appear clearly with the decrease of TPA- and A-bands (Figure 
2.5c). The high and sharp D-band of SD-D1500 attributes to the higher ID/IG ratio of 1.5, which is 
interpreted as the defects for the intermediate structure before the phase conversion to polycrystalline 
graphite during the structure evolution of CNC 16. Further, the ID/IG ratio of SD-D2500 is 0.8 with the 
few amorphous fraction, indicating the developed graphitic structure by partially graphitization as 






Figure 2.4 (a) WAXD patterns of the carbonized CNCs at various temperatures. The crystalline structure 
variation gradually takes place up to the carbonization temperature of 1500 ℃, and the highly 




Figure 2.5 (a-d) Raman spectra of the CNCs carbonized at various temperatures and peak deconvolution 
results. D-band (1350 cm–1) and G-band (1580 cm–1) are assigned to the disordered and ordered 
graphitic carbons, respectively. TPA-band (1200 cm–1) is attributed to the polyenes or ionic impurities. 
A-band (1500 cm–1) is assigned to amorphous carbon. D’-band (1622 cm–1) was also observed for the 
SD-D2500. The observation of D’-band suggests that highly ordered graphitic structure is formed. 
  














































































































































































Figure 2.6 The structural parameters characterized by deconvoluting Raman spectra, respectively. Both 
the D- and G-bands obtained by peak deconvolution became sharp with increasing carbonization 
temperature as shown in Figure 2.5. The area fraction of amorphous peaks was calculated by dividing 
the summed area of TPA- and A-band with the total area of all the peaks, indicating the structure 
development with the removal of less ordered structure as reported elsewhere 16.  
 
 To confirm the sp2 carbon of carbonized CNC, X-ray photoelectron spectroscopy (XPS) was 
performed. Figure 2.7a-d show the survey spectra, and atomic percent is represented in Table 2.1. For 
SD-D800, the atomic percentage of carbon and oxygen are 62.6% and 19.5%, respectively. The atomic 
percent of carbon increases with the decrease of heteroatoms with the increase of the carbonization 
temperature. In the spectra of SD-D800 and SD-D1000 (Figure 2.7a-b), the Na peak is observed due to 
NaOH which was used for the neutralization during the preparation of CNC 2. But Na peak is totally 
removed above 1500 ℃. Carbon 1s spectra are deconvoluted by peak fitting (Figure 2.8a-d) and the 
calculated results are indicated in Table 2.1 and Figure 2.9. Although the Raman spectra and XRD 
patterns between SD-D800 and SD-D1000 are similar, there is significant difference in the fraction of 
sp2 carbon. The carbonization temperature of 800 ℃ is too low to form sp2 carbon. From 1000 ℃, the 
sp2 carbon is further formed with the reduction of sp3 carbon at higher temperature (Figure 2.9), 
indicating the conversion of small nano-graphitic structure to the large graphitic structure 16. The area 
fraction of oxygen-containing groups, which known to contribute to the adsorption-desorption of 





Figure 2.7 X-ray photoelectron spectroscopy (XPS) spectra of SD-D800, SD-D1000, SD-D1500 and 
SD-D2500, respectively. The Na peak is observed in SD-D800 and SD-D1000, but not in SD-D1500 
and SD-D2500, suggesting that the ionic impurity was removed at 1500 ℃. 
 
Figure 2.8 C1s XPS spectra of the CNCs carbonized at various temperatures and peak deconvolution 
results. 
  
Figure 2.9 The calculated area fraction obtained by deconvoluting C1s XPS spectra of the carbonized 
CNCs. The atomic percentage of carbon is considered to calculate each area fraction. 
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 The TEM images of carbonized CNCs were represented in Figure 2.10. The SD-D800 shows 
the nearly amorphous carbon. Although the few-layers stacked structure with only short-range order is 
partly observed (Figure 2.10a and 2.10e), but it is hard to observe due to the low fraction of sp2 carbon. 
In the SD-D1000 (Figure 2.10b and 2.10f), the turbostratic structure with an average interlayer distance 
of about 0.38 nm is observed and contains many defects in the crystals (marked with red circles in 
Figure 2.10f). It is interesting that SD-D1000 exhibits the long-range-order layered structure like 
expanded graphite. The appearance of the long-range-order even at low carbonization temperature is 
attributed to the intrinsically high crystallinity of precursor, unlike other hard carbons which exhibits 
the only short-range ordered structure 16. The SD-D1500 has the average d-spacing of 0.37 nm, and the 
intermediate structure for the fusion of graphitic structure are observed (indicated with red arrow in 
Figure 2.10c), as mentioned in Raman. Although the crystal structure of SD-D1500 seems to be similar 
with SD-D1000, SD-D1500 exhibits the relatively low fraction of defects in crystal. The defects serve 
as active sites that sodium can easily react due to the high binding energy, and facilitate the sodium 
transfer between graphene layers 48-50. Therefore, the microstructures of SD-D1000 and SD-D1500 
seem to be appropriate for sodium storage. On the other hand, in the TEM images of SD-D2500 (Figure 
2.10d and 2.10h), the graphitic structure with the narrow interlayer distance (~0.34 nm) is observed 
with few defects in crystal due to the graphitization at high temperature, as seen in XRD. The SD-
D2500 also exhibits the few layers stacked structure with the d-spacing of 0.37 nm on the only extra-





Figure 2.10 High resolution TEM images of (a) SD-D800, (b) SD-D1000, (c) SD-D1500, and (d) SD-
D2500, respectively. The red arrow in (c) indicates the intermediate structure before the phase 
conversion to polycrystalline graphite. The red arrow in (d) represent the few layers stacked structure 
with the d-spacing of 0.37 nm, which is observed on the surface of graphitic structure. (e-h) The 
magnified images of (a-d) along with the Fast Fourier Transformation (FFT) and d-spacing images. The 
double-sided arrows in each image indicate the crystalline layers for the d-spacing calculation. The 
dashed red circles in figure (f) and (g) indicate defective crystalline sites.  
 
 To summarize the microstructure of carbonized CNC, SD-D800 is not considered as the 
appropriate anode material. Due to the low carbonization temperature, the fraction of oxygen-containing 
group is relatively high, and the fraction of sp2 carbon is very low (below 25%). The SD-D2500 is also 
unsuitable anode material for SIB like graphite, because the interspace between graphene layers is too 
small as well as the low fraction of active sites. On the other hand, SD-D1000 and SD-D1500 seem to 
have the suitable structure for sodium intercalation between graphene layers and adsorption-desorption 
of sodium based on the moderate fraction of oxygen-containing groups and the appropriate interlayer 




2.3.3 Electrochemical performances of carbonized CNC 
 In order to investigate the sodium storage mechanism of carbonized CNCs, the electrochemical 
performances were conducted with Na metal half-cells. Figure 2.11a shows the 1st charge-discharge 
profiles of all carbonized CNCs at 10 mA g–1. Figure 2.11b indicates the capacities of each region (the 
irreversible, sloping above 0.2 V and plateau below 0.2 V, respectively) based on the Figure 2.11a, 
which is also summarized in Table 2.2. The reversible capacities of each carbonized CNC are 212, 255, 
311 and 126 mAh g–1, respectively. The irreversible capacity decreases from 111 mAh g–1 of SD-D800 
to around 50 mAh g–1 of SD-D1500 and SD-D2500. During the 1st sodiation process, the electrolyte 
with Na+ based salt and organic solvent decomposes at the carbon surface, resulting in the formation of 
SEI layer on the carbon surface 48, 51, 52. The sodium ions consumed for the formation of SEI layer 
contribute to the irreversible capacity. Therefore, it is believed that reducing the exposed surface can 
lower the amount of irreversible sodium ions by reducing the contact area with the electrolyte 31, 33, 53. 
In the research of CNC-based film carbonized at 1000 ℃ by Zhu et al., the irreversible capacity of the 
first cycle at 10 mA g–1 is more than 1300 mAh g–1 due to the high surface area (146 m2 g–1) 17. On the 
other hand, the SD-D1000 in the current study, which is carbonized at the same temperature of 1000 ℃, 
exhibits the low surface area of 9.0 m2 g–1, resulting in the low irreversible capacity of 90 mAh g–1 
(Table 2.1 and Table 2.2). Moreover, the SD-D1500 and SD-D2500 with the lower surface area (6.7 and 
1.5 m2 g–1, respectively) exhibit the lower irreversible capacities of around 54.8 and 49.3 mAh g–1, 
respectively. Based on this tendency, the spray-dried CNC-based carbon is the best selection for 
minimal loss of sodium ion during electrochemical reaction. The reversible capacity in sloping region 
also decreased from 800 to 2500 ℃. With the increase of carbonization temperature, the fractions of 
heteroatoms and sp3 carbons, which contribute to the defects, decrease as well as the reduction in the 
surface area and the pore volume. Because of the high binding energy between Na+ and carbon in these 
structure, the sodium can be adsorbed in these active sites at high sodiation potentials in sloping region 
27, 49. This is related with the surface redox reactions, commonly known as the pseudo-capacitance 
(dominant in the sloping region) storage mechanism 54. However, the capacity of plateau region is 
highest at SD-D1500 (228.4 mAh g–1) and suddenly dropped at SD-D2500 (78.3 mAh g–1). From 800 
to 1500 ℃, the graphitic structure with the average d-spacing above 0.37 nm is developed with the 
further formation of sp2 carbon, resulting in the increase of the capacity in plateau region. However, the 
sudden drop of plateau capacity of SD-D2500 is attributed to the inappropriate interlayer distance 
(~0.35 nm) for sodium intercalation by graphitization 26, 44. Therefore, the sodium ion storage by the 
insertion between graphene layers contributes to the plateau region 34, 44, 49. The higher initial coulombic 
efficiency (ICE) tends to increase with the increasing capacity of the plateau region not sloping region. 
Because the sloping region is related to the surface redox reactions, which might contribute to the further 
formation of SEI layers, but the plateau region is attributed to sodium storage in the inner structure of 
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carbon. Therefore, the SD-D1500, which the plateau region is dominant, exhibits the highest ICE of 
85%. For the carbonized CNC-based anode, the high ICE of SD-D1500 is achieved to the collaboration 
effect with the low surface area and the graphitic structure, which can contribute to the plateau region. 
 The rate performance for evaluating the kinetic feasibility of SD-D1000 and SD-D1500 is also 
illustrated in figure 2.11c. Both exhibit the outstanding rate capability without a large capacity fading. 
At the current density of 20 mA g–1, SD-D1000 and SD-D1500 show the reversible capacities of 250 
mAh g–1and 302 mAh g–1, respectively. After high currencies, the C1000 and C1500 anodes recover the 
reversible specific capacities of 244 and 294 mAh g–1 with the capacity fading of about 2.4 and 2.6%, 
respectively. Especially SD-D1500 shows superior rate capability at various current densities, which 
delivers the charge capacities of 301, 295, 286, 278 and 274 mAh g−1 for current densities of 20, 50, 
100, 200 and 400 mA g−1, respectively. Based on the electrochemical performances, the carbonized 
CNC at 1500 ℃ is the best high-performance anode material among the carbonized CNCs. Figure 2.11 
shows the voltage profiles of SD-D1500 at each current rate. The long plateau region is maintained 
despite the higher current density, which indicate that SD-D1500 will also have the high-energy for the 
full cell due to the low average oxidation voltage in the range of 0.25 – 0.37 V. Long term cycling 
performance of SD-D1500 at 100 mA g–1 was performed for 500 cycles in figure 2.11e. At the current 
density of 100 mA g–1, it delivers the 290 mAh g−1 without capacity fading with CE of nearly 100% 
over 500 cycles. SD-D1500 exhibit the outstanding capacity retention of 98.3% over 200 cycles, and 
92% over 500 cycles. Above results prove that SD-D1500 shows the excellent cycle stability as the 
anode material for SIB. 
 
Table 2.2 The calculated capacity during the first discharge/charge reactions at 10 mA g–1. The plateau 





















C800 323.1 211.8 111.2 79.0 132.8 65.6 
C1000 344.9 255.0 89.8 133.4 121.7 74.0 
C1500 365.4 310.6 54.8 228.4 82.2 85.0 




Figure 2.11 Electrochemical properties of the carbonized CNC-based anodes. The specific capacities of 
the anodes are calculated based on the weight fraction of the CNC on the electrode. (a) Galvanostatic 
charge/discharge curves of the carbonized CNC-based anodes at the current density of 10 mA g−1. (b) 
Plot of irreversible capacity, sloping region (above 0.2 V), plateau region (below 0.2 V) and coulombic 
efficiency as a function of carbonization temperature from the voltage profiles of (a). (c) Rate capability 
test of the carbonized CNC-based anodes was performed at the current densities of 20, 50, 100, 200 and 
400 mA g−1. SD-D1000 and SD-D1500 show the reversible recovery at 20 mA g−1 without capacity loss. 
The SD-D1500 shows the high reversible capacity of 274 mAh g−1 at 400 mA g−1 of high current density 
with few capacity fading, indicating the excellent rate capability. (d) Voltage profiles of the SD-D1500 
at various current densities, showing that even at high current density, the capacity fading was marginal, 
and the long plateau region was maintained. (e) Cycling performance at 100 mA g−1 of current density 
and its corresponding coulombic efficiency (CE) of SD-D1500 anode for 500 cycles. 
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 Based on the electrochemical performances with the microstructure of carbonized CNCs, 
“adsorption-intercalation” mechanism can be verified, which the plateau region refers the sodium 
intercalation into the graphitic layers and the sloping region indicates the defects and nanopores on the 
surface of carbonized CNC 27, 49. The detailed schematic is illustrated in the Figure 2.12a. The ex-situ 
Raman spectroscopy study was conducted after sodiation (0.01 V)/desodiation (2.5 V) to examine the 
reversibility of graphitic structure of carbonized CNCs. In the Figure 2.12b and 2.12c, SD-D1000 and 
SD-D1500 showed the slight decrease of intensity and red-shift of D-band with different extent after 
sodiation, since Na+ occupies the defects of such as the pores, edge and surface of graphene 55, 56. Also, 
both of SD-D1000 and SD-D1500 exhibited the red shift of G-band due to the weaken of resonance by 
sodium intercalation 55, 56. Moreover, the structure recovery of both are excellent after desodiation. 
However, SD-D2500 did not show the peak shift of G-band, suggesting that the majority of the specific 
capacity of the C2500 is originated by Na ion adsorption (Figure 2.12d). In figure 2.12d, it is interesting 
that D’-band, which is only observed in SD-D2500, becomes faint after sodiation (red arrow) and is not 
recoved after desodiation due to the weaken vibration of the graphene surface by the formation of SEI 
layer. The position and intensity of the D- and G-band are recovered after desodiation, which also 
indicates that the good reversibility of the materials. 
 To summarize, the electrochemical properties are varied with the carbonization temp0erature 
of carbonized CNCs. From SD-D800 to SD-D2500, the microstructures with high binding energy such 
as defects and pores decreased, resulting in the reduction of the capacity at high sodiation potential. The 
capacity at low potential is attributed to the sodium intercalation and expanded up to 1500 ℃ with the 
increase of sp2 carbon and the structural development. However, the dropped capacity at low potential 
is observed at SD-D2500, because the high temperature of 2500 ℃ induces the partly graphitization, 
resulting in the narrow interlayer distance. These results suggest that the appropriate carbonization 






Figure 2.12 (a) Galvanostatic charge/discharge curve of SD-D1500 and schematic description of Na ion 
adsorption-intercalation mechanism, where the blue and red curves represent adsorption and 
intercalation of Na ions as sloping and plateau regions, respectively. (b)-(d) ex-situ Raman spectra of 
bare and cycled CNC anode at different carbonization temperatures, indicating that the Raman peaks of 
SD-D1000 and SD-D1500 are broadened and shifted to lower wave number upon sodiation. This 
suggests the effective Na ion intercalation takes place for those anodes. The structure reversibility was 
also confirmed by ex-situ Raman spectra after desodiation. However, SD-D2500 showed little change 
in peak positions, suggesting the limited intercalation of Na ions. (e)-(f) TEM images of the carbonized 






  To prepare the high-performance anode material for SIB, spray-dried CNCs were selected as 
carbon precursor derived from cellulose, which is the most abundant biopolymer. Microstructures of 
carbonized CNCs are tunable with the carbonization temperature from 800 to 2500 ℃, and directly 
affects the sodium storage behaviors. The carbonized CNCs except SD-D800 exhibit the low surface 
area (below 10 m2 g–1) due to the originally low surface area (0.7 m2 g–1) of spray-dried CNCs, resulting 
in the low irreversible capacity. The decrease of sloping region is attributed to the decrease of structural 
parameters such as the pores, defects and heteroatoms at the higher temperature. However, plateau 
region increases up to 1500 ℃ because the long-range ordered structure with d-spacing above 0.37 nm 
is further developed. Besides, the plateau region is suddenly dropped at 2500 ℃ due to the narrow d-
spacing (~ 0.35 nm) by graphitization. Therefore, it is concluded that carbonized CNCs follow 
“adsorption-intercalation” mechanism. Among various carbonized CNCs, SD-D1500 delivers the 
highest reversible capacity of 311 mAh g–1 at 10 mA g–1 with the highest initial coulombic efficiency of 
85%. Also, it shows the excellent rate performance, which is the 274 mAh g–1 at 400 mA g–1 and 
outstanding long cycle stability. Therefore, the carbonized CNC is the best choice for anode material 
for SIBs that obtained from the minimal process with low-cost. This study suggests that selecting 
appropriate materials is important for realistic performance as well as understanding the correlation 






Chapter 3.  Effects of drying method and structural evolution mechanism 
of freeze-dried cellulose nanocrystals during carbonization 
 
3.1 Introduction 
Cellulose is the most abundant biopolymer available on the earth and it can be extracted from 
various sources such as tunicate, algae, bacteria, fungi as well as plants and woods 1, 2. By removing the 
amorphous region of cellulose through the acid hydrolysis, cellulose nanocrystals (CNCs) are produced 
which have unique structural features such as high crystallinity (54-88%), nanoscale dimensions with 
rod-shape, high thermal stability and well-ordered crystal structure 1, 2. Based on these superior 
properties, CNC has been widely used in many application fields, especially as nanofillers for polymer 
nanocomposites 3-6. Further, there have been many attempts to use CNC as a precursor for carbon 
materials including carbon nanofillers because it shows highly crystallized carbon crystals even from 
the low-temperature carbonization due to the intrinsically ordered structure 16-18. Eom et al. observed 
the ordered carbon structures maintaining the rod shape of pristine CNC after 1000 °C carbonization 16. 
Zhu et al. also observed the long-range ordered carbon crystals from carbonization of CNC at 1000 °C, 
but the crystalline structures were not found when carbonizing regular cellulose fibers 17. In addition, 
Kim et al. suggested that the carbonization of cellulose with high crystallinity resulted in more 
developed carbon structures 57. However, most of the fundamental researches on thermal conversion of 
cellulosic materials including CNCs have been focused on the chemical decomposition, 
depolymerization, and the formation of ladder structure, which occurs at low temperatures below 800 °C 
as compared to the carbonization reaction 17-19. Although the study of structural evolution of CNC during 
carbonization is still limited, it is a prerequisite to tailor the CNC-based carbon structures for desired 
properties. 
The macroscopic morphology of CNCs is tunable by drying methods after acid hydrolysis 
based on the intermolecular hydrogen bonding between many hydroxyl groups on their surface. There 
are two representative drying methods to produce pristine CNCs: spray-drying and freeze-drying. The 
spray-dried CNCs (SD-CNCs) exhibit an aggregated ellipsoidal morphology in micro-scale and have 
low surface area because CNC domains become shrank by capillary force as they are dried with hot air 
gas during spray-drying 36, 37. On the other hand, the freeze-dried CNC (FD-CNCs) shows branched 
morphology with high surface area and high free volume, which the porous network of CNCs is formed 
by the removal of solvent below triple points during freeze-drying 36, 37. Noticeably, their macroscopic 
morphology is maintained even after the stabilization or carbonization process 16-18. Hence, FD-CNCs 
are more considered than SD-CNCs as the promising precursor for carbon nanofillers because they are 
expected to have higher dispersibility in solvents and higher interaction with polymer matrix based on 
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the difference in a surface area 58, 59. Further, heat can be applied more evenly on the FD-CNCs during 
carbonization, leading to the uniform microstructure of carbon. As such, the degree of structural 
conversion can vary depending on the morphology of pristine state. Therefore, the carbonization study 
about the structural development of FD-CNCs is needed following that of SD-CNCs in our previous 
paper 16.  
 In the current study, we carbonized FD-CNCs, which are in not aggregated morphology, unlike 
SD-CNCs, in the range of 1000-1500 °C to trace the structural evolution mechanism. Further, the 
oxidative stabilization was performed or not before carbonization to determine the effects of 
stabilization on the change of structure or morphology. This study will provide the fundamental research 
on how to tailor the carbon structure of FD-CNCs with respect to the carbonization temperature and an 




3.2.1 Materials  
 Spray-dried CNC was purchased from Celluforce Co. DI water and N,N-Dimethylformamide 
(DMF) from SamChun Company were used as a solvent.  
3.2.2 Preparation of freeze-dried CNC 
 The spray-dried CNC powders were dried at 65 oC overnight under vacuum prior to use. For 
the effect of the concentration on the morphology, 20 mg and 200 mg CNC were dispersed in 20 ml DI 
water with concentration 0.1 and 1.0 wt.% by sonication. For freezing aqueous suspension with liquid 
nitrogen, various injection methods were applied such as pouring, using syringe and needle 
with/without nitrogen pressure, and conventional spray gun, finally air atomizing spray nozzle with 
pressure. The frozen CNC particles were collected in conical tube and then freeze-dried for 72 hours 
using freeze-dryer equipment (FDB-5502, OPERON Co.). 
3.2.3 carbonization of freeze-dried CNC 
 For the microstructural evolution of freeze-dried CNC, carbonization process was performed 
with pristine and stabilized FDCNC. Freeze-dried CNC was placed in a custom-made graphite crucible 
and carbonized as followed. First of all, for oxidative stabilization, FDCNC was stabilized at 250 oC for 
1 hour at a heating rate 5 oC/min. And then, pristine and stabilized FDCNC were carbonized at 1000-
2500 oC. The carbonized CNCs with/without oxidative stabilization were coded as ‘FD-SX’ and ‘FD-
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DX’ (‘S’ and ‘D’ mean carbonization after stabilization and direct carbonization, respectively. ‘X’ 
indicates the final carbonization temperature.). For example, the carbonized CNC at 2500 oC without 
stabilization is called FD-D2500. To distinguish with the carbonized as-received CNC which is spray-
dried, FD was added into their code names. 
3.2.4 Characterization 
 The morphology of the freeze-dried CNC (FD-CNC) and carbonized CNC was observed using 
scanning electron microscopy (SEM, Novanano230, FEI Co.) at an accelerating voltage of 10 kV. The 
samples were placed on carbon tape and coated with platinum at 20 mA for 45 s. The SEM images were 
analyzed and processed by image J. 
 The microstructure of CNC and carbonized CNCs was examined by a high-resolution 
transmission electron microscopy (HRTEM, JEM-2100. JEOL) operated at 200 kV accelerating voltage. 
The TEM images were analyzed and processed by the Digital-Micrograph tool. 
 Raman spectra was recorded using an Alpha 300s micro Raman spectrometer (WITec) from 
10 sites of carbonized CNC and was averaged over 100 scans. The excitation wavelength was 532 nm 
(laser power is 0.500 mV). Raman curve fitting for the determination of spectral parameter was 
performed with the Peakfit software package supplied by Sigmaplot as same peak fitting condition as 
mentioned in the previous paper. 
 X-ray diffraction (XRD) analysis (Rigaku, D/MAX2500V/PC) with Cu-Kα radiation 
(λ=1.540598 Å). The 2 θ angle was varied from 10 o to 60 o with a step size of 0.02 o and scan speed 
0.8 at voltage 40 kV and current 200 mA. 
 Brunauer-Emmett-Teller (BET) tests were performed on BELSORP-max (BEL Japan Inc., 
Japan) with N2 adsoption-desorption isotherms to investigate the surface area. The pore size 





3.3 Results and discussion 
3.3.1 Morphology control of cellulose nanocrystals by freeze drying 
 The as-received CNC used in this study was prepared by spray drying. During spray drying, 
the CNCs are aggregated and shrank due to the capillary forces, resulting in densely aggregated 
morphology macroscopically with micron size (Figure 3.1). Additionally, since the sulfate group is 
induced on the surface of CNC due to the use of sulfuric acid for acid hydrolysis during the preparation 
of CNC, the dispersed state of CNC can be stable in DI water by the formation of electrical double layer. 
The morphology of CNC can be controlled by the drying process after dispersion of CNC in solvent. 
To fix the state of dispersed CNC, the freeze drying should be performed and the process is consisted 
of following three steps. The aqueous suspension is injected into liquid nitrogen (LN2) by various 
technique (step 1-injection) and, is frozen immediately (step 2-freezing), followed by the removal of 
only solvent (step 3-freeze drying). After drying, the space where the solvent occupied remains as pores, 
resulting in the formation of porous network particles. The morphology of CNC can be changed 
depending on the concentration, dispersed state and injection technique. In the current study, the two 
different concentrations of 0.1 and 1.0 wt.% were selected to examine the effect of solid concentration 
on the morphology of CNC. At each concentration, the difference in morphology by sonication 
condition (dispersed state) was investigated. The five injection techniques were also applied for freezing 





Figure 3.1 Spray-drying method and SEM images of spray-dried CNC (low and high mag), respectively. 
 
 
Figure 3.2 The applied injection methods to freeze CNC dispersion using the liquid nitrogen (LN2). #1: 
Irregularly pouring the dispersion, #2: Injection using the syringe and needle with nitrogen pressure 
(fast injection), #3: Injection using the syringe and needle without nitrogen pressure (slow injection 
with the formation of droplet), #4: spray freeze drying using the conventional spray gun (resulting in 
irregular droplet size), #5: spray freeze drying using the air atomizing spray nozzle with nitrogen 
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 First, the effect of sonication time and type on the morphology was investigated with 0.1 wt.% 
aqueous suspension. The directly pouring aqueous suspension into LN2 (injection technique #1) was 
applied as the injection method. The conditions of sonication time and type are summarized in table 3.1. 
There seems to be no significant difference in the morphologies of four SEM images with naked eye, 
even in the case of long sonication time (Figure 3.3). The agglomerate morphologies such as nanofibers 
with diameter of 200-300 nm as well as sheets are observed in four SEM images. Sonication time dose 
not have strong influence into the resulting morphology, and irregular pouring method can’t produce 
the individual CNCs. 
   
Table 3.1 The sonication condition to obtain the freeze-dried CNC by freezing method #1 with 0.1 wt.%. 
 
 








Bath-type sonication for 24 hours, 





Bath-type sonication for 48 hours, 





Bath-type sonication for 24 hours, 





Bath-type sonication for 144 hours, 







 Second, various injection techniques were applied to investigate the influence of injection 
method with 0.1 wt.% aqueous suspension (Table 3.2). The syringe with/without N2 pressure was used 
as an injection method (injection technique #2 and #3), resulting in the fast stream and slow drop of 
water, respectively. It leads to the time difference from the dispersion to the contact with LN2 for 
freezing. The CNC nanoparticles can be observed using injection technique #2 (Figure 3.4a). However, 
using the method #3 (Figure 3.4b), and fibrous sheets are observed dominantly instead of nanoparticles, 
even the same sonication time. Due to the absence of nitrogen pressure, it takes longer time that droplet 
is formed at tip of needle. Thus, CNCs can aggregate already in syringe before being dropped into LN2. 
The spray freeze drying using the conventional spray was also used for freezing, which produces the 
fast formation of droplets (injection technique #4). After spray freeze drying, the nanoparticle 
morphologies are obtained although the aggregate morphologies also observed (Figure 3.4c-d). The 
above results indicate that the injection technique is the most important factor instead of the sonication 
condition. Even if the sonication time is reduced, CNC nanoparticles are also observed using the 
freezing technique with the fast injection (Figure 3.4a, and 3.4c-d). It suggests that the nanoparticles 
can be obtained by the fast injection method which produces the further dispersed particle during 









Figure 3.4 The SEM images of freeze-dried CNC obtained by the indicated method in table 3.2. 
 
 To increase yield of freeze-dried CNC, the concentration of CNC is increased up to 1.0 wt.% 
and dispersed, followed by freezing with the technique #4 (Figure 3.5a-b). The nanoparticles are 
observed (Figure 3.5c) as shown in SEM image of 0.1 wt.%. However, the aggregated morphologies 
such as nanofibers and sheets are also observed, and it seems due to the irregular droplet size not the 
sonication time. However, in figure 3.5b, the outer-morphologies of droplets with similar size are 
different each other. The morphologies of freeze-dried CNC depending on the sonication time are 
represented in figure 3.6. In the SEM images which show the nanoparticles, there are no differences. 
Therefore, the regular spray freezing method should be required to avoid irregular morphologies. Using 
the spray nozzle with nitrogen pressure (atomization), the droplets with regular and smaller size can be 
(a) (b) (c) (d)
Freezing 
method 
Sonication type and time Observed morphologies 
#2 
Bath-type sonication for 64 hours, followed by horn-





Bath-type sonication for 64 hours, followed by horn-




Bath-type sonication for 16 hours, followed by horn-





Bath-type sonication for 16 hours, followed by horn-






sprayed (injection technique #5). With only 2 hours of sonication times using bath-type sonicator, the 
nanoparticles with the average diameter of 30.5 ± 7.6 nm in the microporous network is observed 
(Figure 3.7). The average diameter of CNCs examined in this study is 23.9 nm, suggesting that the 
individual CNC nanoparticles are obtained. Even though there are many functional groups on the 
surface of CNCs, they can be individually separated without aggregation by freeze-drying. 
To summary, in the manufacturing process of CNC powder, the CNC can have different 
morphology depending on the drying methods after acid hydrolysis, which the two representative drying 
methods are spray-drying and freeze-drying [12]. Spray-drying is a method of evaporating the solvent 
of the CNC dispersion by hot drying gas. In this process, the CNCs become aggregated by capillary 
force, resulting in a compact and dense morphology. On the other hand, freeze-drying can maintain the 
dispersed state of CNC and minimize their aggregation by removing the solvent in the frozen state under 
liquid nitrogen about -196 °C. Thus, FD-CNCs have branched network morphology with high free-
volume. Also, the dispersed CNC nanoparticles can be obtained from the aqueous suspension of even 
1.0 wt.%, and the freezing technique is the most important factor to achieve the regular nanoparticle 
morphologies of CNC. The obtained spray freeze-dried CNC with technique #5 is coded as FD-CNC 
from next section. 
 
Figure 3.5 The SEM images of spray freeze-dried CNC obtained from 1.0 wt.%. (a) Low mag image, 






Figure 3.6 The SEM images of spray freeze-dried CNC obtained from 1.0 wt.% with various sonication 






















3.3.2 Structural evolution of freeze-dried CNCs during carbonization 
Figure 3.8 and Figure 3.9 show the SEM images of pristine, stabilized and carbonized SD- and 
FD-CNCs, respectively. The macroscopic morphology of each CNC, dried by different methods, was 
preserved even after carbonization regardless of whether the oxidative stabilization was carried out or 
not. However, it is important to note that large pores were observed on the surface of the carbonized 
SD-CNCs. This is because of the emission of the volatiles from the inside of the SD-CNC agglomerates, 
which were formed by dehydration and depolymerization, especially above 300 °C 38, 39. Whereas, 
carbonized FD-CNCs didn’t show such pores on their surface since volatiles can be flown out easily 
due to their not aggregated morphology and high surface area. All carbonized FD-CNCs are represented 
in figure 3.10. 
 
 
Figure 3.8 SEM images of (a) pristine SD- and (b) FD-CNCs, (c) SD- and (d) FD-CNCs after 










Figure 3.10 SEM images of carbonized FD-CNCs with log mag.   
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 N2 adsorption-desorption measurements were also performed to estimate the surface area and 
pore size distributions by BET and BJH models (Figure 3.11 and Table 3.3). FD-CNCs have the 336 
times higher surface area and the 276 times higher pore volume than SD-CNCs, which is consistent 
with their morphology and the degree of aggregation (Figure 3.9a and 3.9e). Further, there is a 
difference of 36.1 and 117.1 times in surface area after direct carbonization at 1000 and 2500 °C, 
respectively (Figure 3.9b and 3.9h). For both SD- and FD-CNCs, the surface area increased after 
carbonization, and the pore diameter decreased by carbonization at 1000 °C, since many small pores 
were generated on their surface by the volatiles. At higher carbonization temperatures, the surface 
area decreased again as carbon structure develops and crystal density increases. Notably, the pore 
volume of FD-CNCs continuously decreased with carbonization, unlike the SD-CNCs. This is due to 
the large effects of heat-induced fusion between adjacent small-sized carbon domains of FD-CNCs 40. 
In comparison, that effect is very slight in SD-CNCs because of the inherently agglomerated state. 
However, despite the high degree of fusion, the surface area and pore volume were still much higher 
for FD-CNCs as pristine morphology was maintained. For nanocomposites, it is well known that the 
high surface area of nanofillers is favorable for the dispersion in solution and formation of interphase 
with polymer matrix 58, 59. As the morphology and surface area of CNCs depend on drying methods 
even after carbonization, it is expected that FD-CNC will be more efficient to be used as nanofiller or 
precursor for nano-fibrous carbon filler. Therefore, the structural evolution mechanism of FD-CNCs 













Table 3.3 Surface area, pore volume and pore size of the spray-dried and freeze-dried CNC before/after 
carbonization measured from BET and BJH results. 
 





















CNC 0.7 0.0018 10.4 235.5 0.4967 8.4 
D1000 9.0 0.0078 3.4 324.6 0.3871 4.8 
S1000 3.8 0.0039 4.0 304.9 0.3148 4.1 
D2500 1.5 0.0043 11.5 175.6 0.3479 7.9 
S2500 1.7 0.0040 9.6 265.2 0.3732 5.6 
 
 
Figure 3.12 shows the TEM images of pristine, stabilized, and carbonized FD-CNCs. In the 
pristine FD-CNCs (Figure 3.12a), the highly crystalline parts (red arrow) are observed along with the 
amorphous parts that have few layer-stacked structures without order (yellow arrow) and have not yet 
been removed by acid hydrolysis (white arrow), indicating the acid-treatment is not sufficient. Hereafter, 
we refer to crystalline part (red arrow) and amorphous parts (yellow and white arrows in Figure 3.12a). 
The structures with high crystallinity inside the CNC retain their order after oxidative stabilization, 
surrounded by an amorphous structure (Figure 3.12b). After carbonization at 1000 °C, the structures 
consist of amorphous parts and some graphitic crystals partially aggregated by point and lateral fusion, 
corresponding to the BJH results in Figure 3.10f (Figure 3.12c and 3.12e). In spite of depolymerization 
and pyrolysis reactions in the range of 300-800 °C, the observation of highly ordered carbon crystals at 
low carbonization temperature is a unique feature of CNCs among lots of cellulosic materials based on 
their high crystallinity and structural density 16-18. Souza et al. also observed the preservation of ordered 
structures in stabilized CNCs at 300 °C, and rod-like highly ordered graphite in carbonized CNCs at 
1000 °C, while the cellulose produced only amorphous aggregates 18. In addition, Kim et al. confirmed 
that the more crystalline structures appeared after carbonization from the pristine cellulose with higher 
crystallinity 57. They also asserted that the crystalline portions of the cellulose microfibrils retained their 
morphology after carbonization. At high carbonization temperature, the larger and thick graphitic 
crystals were shown as the fusion between adjacent graphite crystals by heat became more active 




Figure 3.12 TEM images of (a) FD-CNCs, (b) stabilized FD-CNCs, and (c-f) carbonized FD-CNCs at 
1000 and 2500 °C with or without stabilization process. 
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The TEM images with higher magnification of FD-CNCs with respect to the carbonization 
temperature are represented in figure 3.13 and figure 3.14. The microstructure of carbonized CNCs can 
be classified into four representative parts based on TEM images as follows: amorphous carbon, 
amorphous- (A-), turbostratic- (T-), and graphitic- (G-) components. Amorphous carbon is a weak 
structure without any order and usually envelops the crystal 60, 61. A-component is a randomly arranged 
structure with short-range order, which is also called turbostratic nanodomain 27. T-component is the 
intermediate structure of A and G-component in the structural development process. It is more ordered 
and thicker layered structure with smaller d-spacing than A-component, but the boundary between them 
is ambiguous 40, 60, 61. Finally, G-component is highly ordered large graphitic crystals with an interlayer 
distance less than 0.34 nm 40, 60, 61. Most of the structure of CNCs consists of amorphous carbon after 
carbonization at 1000 °C (Figure 3.13a and 3.13e), even though the graphitic structure is observed 
(Figure 3.14a and 3.14e). From 2000 °C, the only a few amounts of amorphous carbon are observed, 
and the A-component are dominant (Figure 3.13c-d and 3.14g-h). They seem to have burned out or 
developed into A-components during carbonization. With increasing carbonization temperature, the 
amounts of T- and G-components increased and coalescence between them occurred, resulting in the 
growth of graphitic crystals (Figure 3.14). Thus, large graphitic crystals with 0.335 nm of d-spacing, 
which is similar to the single graphitic structure, could be observed in 2500 °C-carbonized CNCs 
(Figure 3.14d and 3.14h). Importantly, there is no difference in microstructure of carbonized FD-CNCs 
regardless of adding stabilization process as observed by TEM images. In comparison, the direct 
carbonization of SD-CNCs led to an irregular morphology due to the molecular fusion whereas 
stabilization followed by carbonization process preserved the pristine needle-like structure of SD-CNCs 
16. Unlike SD-CNCs, the slight difference depending on stabilization in FD-CNCs is attributed to the 
evenly distributed heat based on their well-dispersed pristine morphology and high surface area. 
Therefore, adding a stabilization process or going through a stabilization temperature range as the 





Figure 3.13 TEM images of amorphous carbon and A-component of carbonized FD-CNCs at various 




Figure 3.14 TEM images of T- and G-component of carbonized FD-CNCs at various temperatures with 
or without stabilization process. 
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 The mechanism of structural change of each component during heat-treatment was 
investigated in detail based on TEM images. Figure 3.15 shows the variation of A-components and its 
related structural parameters. It is known that the stabilization process followed by pyrolysis causes 
dehydration and depolymerization to disrupt the structure of cellulosic materials 38, 62, 63. Hence, A-
components in carbonized FD-CNCs seem to be originated from the amorphous structure and short-
ranged small crystals in pristine FD-CNCs (Figure 3.15a). Since they are weaker and have lower thermal 
stability than crystal parts in pristine CNCs, they become easily relaxed and turn into an amorphous 
carbon structure by the stabilization process or going through the stabilization temperature region, as 
represented by red circles in Figure 3.15b 62. Then, they begin to develop again with carbonization from 
amorphous carbon without any order into randomly distributed and short-ranged disordered carbon, 
which is A-component (Figure 3.15c). With increasing carbonization temperature, the number of 
stacked layers, domain length, and order of A-component carbonic structure increases (Figure 3.15d 
and 3.15f). The schematics of structural evolution mechanisms of A-components in FD-CNCs are 
exhibited in Figure 3.14e. This is the process that becoming of A-component to T-component at high 
temperature and shows that highly developed A-component can also be T-component. The d-spacing of 
A-components of both FD-D2500 and FD-S2500 were ~0.34 nm, which is similar to that of T-
components (Figure 3.15f). 
The T- or G-components evolution mechanism based on TEM images and variation of 
structural parameters are shown in Figure 3.16. They are already existed from the low carbonization 
temperature before formation by the development of A-components at high temperatures. These T- or 
G-components are attributed to the highly crystallized structures of pristine FD-CNCs with high thermal 
stability, which have less relaxation by heat and can quickly be converted to carbon even if they occur 
62. Thus, the crystalline part was observed after the oxidative stabilization (Figure 3.16b), and the 
graphitic structure was observed after pyrolysis (Figure 3.16c). During dehydration and 
depolymerization in the range of 300-800 °C, the crystal size was reduced compared to that of pristine 
CNCs due to the shrinkage and the relaxation of the weak structures mainly on the surface or edge of 
the crystals 17. However, the graphitic crystal size was actively increased above 2000 °C as the 
coalescence and lateral fusion between crystals occur, and the d-spacing was stea.dily decreased at the 
same time (Figure 3.16f). Finally, both crystals in FD-D2500 and FD-S2500 have about 50 nm of crystal 
thickness and about 0.335 nm of d-spacing, which is same as the interlayer distance of theoretical 
graphite 64, 65. 
To summarize the carbonization mechanism of FD-CNCs, the structural change of each 
component according to the heat-treatment is illustrated in Figure 3.17. The weak and amorphous 
structure from the pristine state develops into amorphous carbon or A-component after carbonization, 
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and it becomes a large and highly ordered structure similarly to T-component when graphitization 
occurs at high temperature. Further, the intrinsically highly crystallized parts from the pristine state 
maintain its crystallinity during stabilization and pyrolysis or only are partially relaxed, so it is easy to 
observe the T- or G-components from low carbonization temperature, and their d-spacing decreases and 
graphitic crystal size increases with temperature. The structural evolution mechanism is same in FD-
CNC regardless of adding stabilization process due to the individually separated morphology based on 
its high surface area and rapid heat diffusion to the inside of the CNC, unlike SD-CNC which confirmed 




Figure 3.15 Structural evolution mechanisms of A-components in FD-CNCs during heat-treatment 
process. TEM images including A-components of (a) FD-CNCs, (b) stabilized FD-CNCs, and (c-d) 
carbonized FD-SCNCs, respectively. (e) Schematics of mechanisms of A-components based on TEM 





Figure 3.16 Structural evolution mechanisms of T- or G-components in FD-CNCs during heat-treatment 
process. TEM images including T- or G-components of (a) FD-CNCs, (b) stabilized FD-CNCs, and (c-
d) carbonized FD-SCNCs, respectively. (e) Schematics of mechanisms of T- or G-components based on 
TEM images. (f) The variation of d-spacing and crystal thickness of T- or G-components in FD-CNCs 
during carbonization. 
 




Figure 3.18 show the WAXD spectra of carbonized FD-CNCs with respect to the carbonization 
temperature. The intensity of two carbon peaks, (002) about 26° and (10) about 41°, was very small up 
to 2000 °C. However, at 2500 °C, the two sharp peaks indicating T- (26°) and G-component (26.5°) 
which typically appear on hard carbon become prominently observed as the intensity increase and 
separation of (002) carbon peak occurs 16, 42. This is because of the dramatic developments of graphitic 
structure and their thickness by coalescence and inter-fusion above 2000 °C, which corresponds to the 
TEM images (Figure 3.16). Based on the TEM images, the peak deconvolution was performed to 
investigate the interlayer distance of (002) and crystal size (Lc, nm), which is represented in figure 3.18 
and figure 3.19. Up to 1500 °C, amorphous carbon and A-component exist together due to the low 
degree of the structural development. Interestingly, small sharp peak around 26.5° is observed at 
2000 °C. Also, the WAXD spectra of carbonized FD-CNC above 2000 °C with clearly distinguished 
(002) peaks were deconvoluted with A-, T-, and G-components. The crystal size (Lc) was calculated 
based on the deconvoluted spectra (Figure 3.20). For A-components, crystal size is further developed 
with carbonization temperature, but the growth of A-components is limited by 5 nm. However, the 
crystal size for T-component grows explosive from about 5 nm of 2000 °C to about 60 nm of 2500 °C. 
It is attributed to the A-component is further developed, followed by the fusion with T-component. For 
G-component, the crystal size of about 40 nm has been already formed even at 2000 °C and slightly 
developed with carbonization temperature. Crystal size Both FD-D2500 and FD-S2500 showed little 
structural difference, and the d-spacing and crystal thickness values from deconvolution also showed 
consistency with those obtained from the TEM images (Figure 3.14d and Figure 3.14h). Interestingly, 
the WAXD spectra of SD-D2500 and SD-S2500 were deconvoluted with four peaks with amorphous 
carbon compared to the three peaks of FD-D/S2500 (Figure 3.21). It is attributed to the irregular 
development of graphitic structure due to the compact morphology of SD-CNCs. The inner structure of 
SD-CNC undergoes the low degree of structural development compared to the outer surface of SD-
CNC. However, the crystal sizes of three components for SD-D/S2500 are larger than carbonized FD-
CNCs (Figure 3.20 and Figure 3.22). The crystal size of A-component for SD-D/S2500 is around 6 nm, 
which is twice compared to those of FD-D/S2500. Also, the crystal size of G-components for SD-
D/S2500 is around 120 nm and it means that the SD-CNCs further have the change for fusion. Because 
the CNC particles have attached each other, the graphitic crystal can be fused with neighboring CNC 
particles and grow. It is also proved by the area fraction of WAXD (Figure 2.23). It suggests that the 





Figure 3.18 WAXD spectra of (a) FD-DCNCs and (b) FD-SCNCs carbonized at various temperatures.  
 
 
Figure 3.19 Peak deconvolution of WAXD spectra of carbonized FD-CNCs. Four peaks (amorphous 









Figure 3.21 Peak deconvolution of WAXD spectra of carbonized SD-D2500 and SD-S2500. Four peaks 







Figure 3.22 The crystal thickness of A-, T-, and G-components in carbonized SD-CNCs. 
 
 





Raman spectra of FD-DCNC and FD-SCNC were also measured in order to further analyze 
the microstructure on a smaller scale than the crystal (Figure 3.24a and 3.24b). Also, the 2D correlation 
and gradient mapping were applied to trace the microstructural change with the carbonization 
temperature, which can provide insight into the transition mechanism (Figure 3.24c and 3.24d). The 2D 
gradient maps of d(I)/d(T) plot the values of the 1st derivatives of the Raman intensity (I) as a function 
of the temperature (T) over the space of temperature vs. Raman shift (cm-1), based on the area-
normalized Raman spectra. The red contour lines represent positive values of d(I)/d(T), that is, 
increasing trend of the Raman intensity with temperature, and vice versa for the blue contour lines. It 
is important to note that the FD-DCNC and FD-SCNC didn’t show an obvious difference in Raman 
spectra and a 2D gradient map. For both carbonized CNCs, not only D- and G-bands at around 1350 
and 1580 cm-1, respectively, noticeable changes are also observed in the vicinity of 1200 cm-1 from 
TPA-band and 1500 cm-1 from A-band during carbonization 16, 41, 45, 46. Depending on the transition 
temperatures in which the changes of these bands are apparent as indicated by dashed lines in Figure 
3.24c and 3.24d, the structural evolution mechanism of FD-CNC is divided into four distinct stages as 
follows: stage 1 (1000-1400 °C), stage 2 (1400-1800 °C), stage 3 (1800-2200 °C), and stage 4 (2200-
2500 °C). In stage 1, the D- and G-bands slightly increased with little variation of TPA- and A-bands, 
indicating the formation of turbostratic carbon structure 16, 41, 45, 46. However, it is interesting to note that 
the TPA- and A-bands decreased whereas the D- and G-bands rapidly increased in stage 2, which shows 
the simultaneous structural changes in graphitic and non-graphitic structures. In this stage, it is 
suggested that amorphous carbon is removed by heat or sacrificed as a feedstock carbon to produce 
polycrystalline graphitic structure by engaging in crystal growth 16, 66. Further, the stronger intensity and 
higher contour in D-band than G-band is attributed to the increment of imperfect structure with lots of 
disorders and defects, and many edge regions based on the small size of graphitic crystals. In stage 3, 
D- and G-bands continuously increased whereas TPA- and A-bands became unchanged. Compared with 
previous stage 2, the increase of G-band is more pronounced than the D-band, which means the growth 
of crystallites and the development of disordered graphitic structure at an early stage of graphitization. 
In stage 4, the D-band decreased while G-band sharply increased due to the coalescence and the lateral 
inter-fusion between graphitic crystals resulted in large crystal size. These behaviors are also associated 
with the structural healing of defective graphitic structure and getting perfect microstructure at the later 





Figure 3.24 (a, b) Variation of Raman spectra and (c, d) 2D gradient maps of d(I)/d(T) that plots the 
value of the 1st derivatives of Raman intensity (I) with respect to carbonization temperature (T) for FD-
DCNCs and FD-SCNCs during carbonization. The red and blue color indicate the positive and negative 
values of d(I)/d(T), respectively. Dashed lines in 2D gradient maps indicate the transition temperatures 




For a detailed study of the respective carbonization stages, all the Raman spectra were 
deconvoluted by five bands using the aforementioned bands together with the D’-band at 1620 cm-1 
(Figure 3.25). Then, the changes in various structural parameters with temperature analyzed by peak 
deconvolution were plotted in Figure 3.26a-d with the dashed lines representing the critical 
temperatures at which each structural parameter exhibits dramatic change. As above, differences 
between FD-DCNC and FD-SCNC were not observed in the change of these parameters. Figure 3.26a 
exhibits the comparison of experimental and fitted values of IG/ID ratio with respect to the carbonization 
temperature. Both experimental and fitted IG/ID ratio showed different trends for each stage as 
represented in the 2D gradient map (Figure 3.24). The IG/ID values exhibited little variation in stage 1, 
however, they suddenly decreased due to the stronger increase of D-band than the G-band as 
polycrystalline disordered graphitic structure was formed in stage 2. Conversely, in stage 3 and stage 4 
where the increase rate of G-band is higher than that of D-band because of graphitization, IG/ID ratio 
increased. It is noteworthy that there was a deviation between the experimental and fitted IG/ID values 
until stage 2, but they showed consistency from stage 3. This is because of the large influence of defect-
related TPA- and A-bands overlapped with D- and G-bands, resulting in the broad Raman spectra 
(Figure 3.25). The deviation of both IG/ID decreased gradually in stage 2 as the defects and amorphous 
structures were removed or sacrificed to make graphitic crystals, and they converged to almost the same 
value in stage 3, suggesting the dominant presence of graphitic structure over the non-graphitic structure. 
The variations of the amorphous fraction (A(A+TPA)) which the fraction of combined area of 
TPA- and A-band in the Raman spectrum and AG/AD with temperature are represented in Figure 3.26b. 
The amorphous fraction was more than 40% after carbonization at 1000 °C, but it reduced until stage 2 
and then maintained plateau with a low fraction of about 10%. The 10% remaining even at high 
temperatures of 2500 °C seems to be due to the edges of graphitic crystals or the short-ranged disordered 
A-components. Meanwhile, the AG/AD ratio continues to increase with temperature, which is opposite 
behavior to the IG/ID ratio in stage 2. This means that the contribution of the area is greater than the 
intensity of G-band, while the D band is more affected by the intensity because both bands have grown 
in stage 2, as identified by the red contour line in the 2D gradient map (Figure 3.24c and 3.24d). 
Depending on the broadness and area of the bands, the area ratio may tend to be different from the 
intensity ratio of G- and D-band. The reason that the influence of the area or intensity is different is 
attributed to the variance of structures that contribute to each band, that is, homogeneity of structures 
46. In stage 2, the graphitic structures represented by G-band is still underdeveloped resulting in many 
inhomogeneous small crystallites, whereas high edge density among the disordered structures 
represented by D-band. This is consistent with the above-mentioned interpretation that the growth of 
small polycrystalline graphite with the disappearance of amorphous carbon occurs in stage 2 (Figure 
3.24c and 3.24d). From stage 3, both IG/ID and AG/AD show an increasing behavior, which is the result 
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of the sharper G-band with higher intensity influence because the structure becomes homogeneous as 
the graphitic crystal grows. Figure 3.26c exhibits the change in intensity ratio between TPA- or A-band 
and G-band according to the carbonization temperature. As with the trend of amorphous fraction shown 
in Figure 3.26b, they decreased to 1800 °C and then showed little variation with both ITPA/IG and IA/IG 
values below 0.15. 
Figure 3.26d shows the variation of position and FWHM of G-band with temperature. Even 
with the same graphitic structure, position and FWHM have a different perspective on the structure. 
The position of G-band is related to the fraction of graphitic structure and the number of stacking layers 
in crystals 67. However, the FWHM of G-band is governed by the homogeneity of graphitic structure 
which is influenced by various defects and crystal sizes 46, 67, 68. As a rule, as the graphitic structure 
develops during carbonization, both position and FWHM of G-band decrease to 1580 cm-1 and 13.5 cm-
1, respectively, which are reported values of theoretical graphite 46. They exhibited a slight change in 
stage 1 but decreased above 1400 °C as the turbostratic-graphitic structure starts to grow. In addition, 
the position is almost saturated about 1580 cm-1 and FWHM about 38 cm-1 at temperatures above 
2200 °C, which the difference from the theoretical value seems to be largely affected by the A-
components as observed in TEM and XRD results (Figure 3.15 and Figure 3.19). 
The presence of the stabilization process was insignificant in the difference in morphology and 
structural conversion of FD-CNC, which both FD-DCNC and FD-SCNC showed the same behavior 
depending on the carbonization temperature. Meanwhile, regarding SD-CNC, molecular fusion 
occurred by direct carbonization, whereas the pristine needle-like structure was preserved stabilization 
and subsequent carbonization. However, despite the maintenance of pristine morphology in SD-SCNC, 
its macroscopically highly aggregated pristine state with low surface area as compared to the FD-CNC 
may affect to the sensitivity to stabilization process and the less developed carbonized structure via 
slow heat diffusion. The fitted IG/ID ratio of SD-S2500 and FD-S2500 were 1.0 and 1.2, and AG/AD were 
0.9 and 1.0, respectively. Further, the graphitic crystal thickness was about 10 nm in SD-S2500, while 
about 55 nm in FD-S2500. 
Not only the internal structure of the graphitic crystals but also the edge regions were observed 
by TEM images as a function of carbonization temperature (Figure 3.27). At low-temperature 
carbonization (Figure 3.27b), the structure is more ordered than the pristine state, but edge of crystals 
was exposed. As temperature increased, a curvature occurs at the end of the crystal and it becomes 
closely folded (Figure 3.27c) and finally graphene nanoribbon shapes are formed at 2500 °C (Figure 
3.27e). Harries et al. noticed that these tightly folded graphene edges are quite frequently seen in carbons, 
and this phenomenon occurs to reduce the surface energy of crystals 69. This behavior has also been 
observed in carbonized SD-CNCs, possibly due to the high-temperature carbonization above 2000 °C 
(Figure 3.28).  
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 Figure 3.29 shows the dispersibility of carbonized SD-CNC and FD-CNC for the application 
as a carbon nanofillers of polymer nanocomposites. The dispersion of carbonized CNC with 0.1 wt.% 
concentration in DMF was sonicated in bath-type sonication from 0.5 h to 3 h. With naked eyes, the 
color of the dispersion for SD-D2500 is lighter than the one of FD-D2500 (Figure 3.29). It leads to the 
high transmittance of SD-D2500 above 70% even with the sonication time of 3 hours. However, the 
FD-D2500 shows the very low transmittance below 5% with the only 1 hour. It is attributed that carbon 
particles with small size is easily dispersed in solvent due to the high surface area. Also, for carbonized 
SD-CNC, the particles with compact morphology can’t be broken because the fusion in the compact 
granules during carbonization. It suggests that the carbonized FD-CNC will shows the better dispersion 








Figure 3.26 The change of structural parameters with carbonization temperature according to the 
deconvolution of Raman spectra: (a) IG/ID ratios based on experimental and fitted Raman spectra, (b) 
A(A+TPA) (amorphous fraction, %) and AG/AD ratio, (c) ITPA/IG and IA/IG, and (d) position and FWHM of 







Figure 3.27 TEM images of (a) FD-CNCs and carbonized FD-CNCs at (b) 1500 °C, (c, d) 2000 °C, and 
(e) 2500 °C and, which are focused on the edge of graphitic crystals. (f) Structural evolution mechanism 














Pristine CNC has different macroscopic morphologies depending on the drying method: SD-
CNC is aggregated but FD-CNC is separated and branched with a high surface area. Their morphology 
affects not only that of carbonized CNCs in micro- and macro-scale but also structural development. In 
this study, FD-CNCs were carbonized from 1000 to 2500 °C and the behavior of A-, T-, and G-
components were thoroughly analyzed, respectively, using various characterizations. Further, the 
structures and morphologies of carbonized FD-CNCs were compared with those of carbonized SD-
CNCs, which are represented in our previous paper. During the carbonization of FD-CNCs, the weak 
and amorphous structure from the pristine state develops into amorphous carbon or A-component while 
the intrinsically highly crystallized parts become T- or G-components from the low carbonization 
temperature. Commonly, the d002 of all the components decreased with the increase in crystal size with 
respect to the temperature. The structural evolution mechanism of FD-CNCs can be divided into four 
stages. In stage 1 (1000-1400 °C), the turbostratic carbon is formed that may act as nucleation points of 
crystals. In stage 2 (1400-1800 °C), amorphous carbon is removed by heat or sacrificed to produce 
small-sized carbon crystals with lots of disorders and defects, which is confirmed by a decrease in 
intensity of TPA- and A-bands whereas opposite trend of D- and G-bands of Raman spectrum. In stage 
3 (1800-2200 °C), the increase of G-band becomes higher than that of D-band due to the growth of 
graphitic crystals. Finally, in stage 4 (2200-2500 °C), the microstructure is highly developed, and the 
graphitic crystal size dramatically increases via coalescence and lateral inter-fusion between crystals. 
Unlike SD-CNC, the FD-CNC showed very slight effects of oxidative stabilization on its microstructure 
and morphology, which may be due to the rapid heat diffusion and uniform structural change in the 
inner and outer parts of the CNC based on its high surface area. The current study provides an 
understanding of the carbonization mechanism of FD-CNCs and can be used to various application 





Chapter 4.   High-performance Amorphous Polyetherimide (PEI) fiber 
and the effect of CNC as a nanofiller 
 
4.1. Introduction 
4.1.1 Polyetherimide (PEI) 
 Polyetherimide (PEI) is a super engineering thermoplastic belonging to the polyimide (PI) 
family 70. PEI, which is known by the commercial name of Ultem1000. PEI is synthesized from 4,4’-
(4,4’-Isopropylidenediphenoxy) bis(phthalic anhydride) (BPADA) and 1,3-Phenylenediamine (m-PDA) 
by polycondensation, followed by imidization. It has the structural unit (MW: 592.61 g/mol, density: 
1.27 g/cm3): 
 
Figure 4.1 The structural unit of polyetherimide (PEI) 
 
 PEI exhibits various superior properties as high mechanical properties, dimensional stability, 
and thermal stability, chemical resistance, and thermos-oxidative stability. Owing to the presence of 
bulky and rigid benzene rings in the backbone, PEI has high glass transition temperature (217 °C) and 
the high relative thermal index (170 °C) with long-term heat resistance. PEI also has a relatively good 
processability compared to other semi-crystalline PIs due to its amorphous nature based on the meta-
phenylene moieties and the aryl ether linkage between aromatic rings, resulting in a decrease in the 
planarity and chain packing 71-73. Therefore, it can be easily processed through conventional processing 
such as extrusion, injection, blow molding, solution casting and fiber spinning. Based on these 
advantageous features of PEI, it has been widely used in the high-performance applications such as 
aircraft, aerospace and automotive industries. However, its mechanical properties are still deficient 
compared to the semi-crystalline PI polymers. Thus, many researchers have focused on the 
improvement of the mechanical properties of PEI without significantly impairing other excellent 
properties 71, 72, 74, 75. 
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 To improve the mechanical properties of amorphous PEI, various methods of film stretching 
76 or blending with other semi-crystalline polymers 77-79 have been applied. In addition, PEI 
nanocomposites have been produced using rigid nanofillers 72, 78, 80-84. Liu et al. fabricated PEI 
nanocomposite films by incorporating multi-walled carbon nanotubes (MWCNTs) and in-situ 
polymerization to enhance their thermal and mechanical properties 72. With the addition of 1 wt.% of 
MWCNTs, the tensile strength and tensile modulus were increased by 22.6 and 39.5%, respectively. 
Further, Pitchan et al. used acid-functionalized MWCNTs for strong interaction with PEI polymers 83. 
Their mechanical properties were improved by 15% in tensile strength and 7% in tensile modulus by 
adding 2 wt.% of MWCNT-COOH. PEI/organoclay nanocomposites were also prepared by Dwivedi et 
al. to enhance dielectric and tensile properties 81. With 2 wt.% of organoclay, a 32% increase in tensile 
strength and 71% increase in tensile modulus were achieved. However, even though all of the above 
research has succeeded in raising the properties, there is still considerable scope for further enhancement. 
The structural changes of amorphous PEI chains on the incorporation of nanofillers under deformation 
have also not been analyzed in detail. 
 In recent years, various kinds of cellulosic materials have been considered as attractive 
candidates for nanofillers in nanocomposites because they are eco-friendly and are derived from 
abundant resources 3-5. Among them, cellulose nanocrystals (CNC) can be of great interest based on the 
unique structural features such as their rod-shape with a high aspect ratio, high crystallinity (54-88%), 
and well-ordered crystal structure resulting from the removal of amorphous parts through acid 
hydrolysis of cellulose 1-3, 6. Their theoretical mechanical properties are reported to be as high as 206 
GPa in tensile modulus along the [001] plane and 10 GPa in tensile strength 2, 4, 85. Moreover, the large 
surface area and the hydroxyl groups on their surfaces are very useful for hydrogen bonding with 
polymer matriices 1, 2, 4. Therefore, CNC has already been used as a nanofiller in many nanocomposite 
systems 4, 5, 8-14, but there have been no previously reported attempts to make PEI/CNC nanocomposites.
  
 In the current study, the control PEI and PEI/CNC nanocomposite fibers were prepared using 
a dry-jet wet spinning technique, followed by a post-drawing process to achieve the improved 
mechanical properties. The behavior of PEI polymer chains and CNCs with respect to the draw ratio 
and the amounts of CNC were also discussed thoroughly using scanning electron microscopy (SEM), 







 Polyetherimide (PEI, Ultem1000) was purchased from SABIC innovative plastics Co. The 
spray-dried CNC powders were purchased from CelluForce Co. The N,N-Dimethylacetamide (DMAc) 
and DI water were supplied by SamChun Co. 
4.2.2 Solution Preparation 
 The spray-dried CNC powders were dried at 70 °C overnight in vacuum oven before use. CNC 
was dispersed in DI water at a concentration of 3 wt.% using bath sonication for 72 h. Then, DMAc 
was added in the CNC/DI water dispersion (DMAc:DI water = 9:1 w/w%) by bath sonication for 72 h 
to obtain the well-dispersed CNC in mixed solvent. 
 The as-received PEI pellets were dried at 150 °C for 5 h in vacuum oven before use. For the 
control PEI fiber spinning, PEI polymer was dissolved in DMAc (70 g/100 mL) at 80 °C using an 
overhead mechanical stirrer. To prepare the PEI/CNC solution, CNC/DMAc/DI water dispersion was 
added to the PEI/DMAc solution. The excess amount of solvent was evaporated by vacuum distillation 
at 100 °C to obtain the desired solid concentration. These steps were repeated to obtain CNC 
concentrations of 1, 3 and 5 wt.% with respect to the total solid weight. The prepared spinning solutions 
were PEI, PEI/CNC1, PEI/CNC3 and PEI/CNC5 (hereafter, assigned to as control PEI, PCICNC1, 
PEICNC3, and PEICNC5, respectively). 
4.2.3 Dry-jet wet spinning and post-drawing 
 The control PEI and PEI/CNC nanocomposite fibers were prepared by dry-jet wet spinning 
technique using a custom-designed fiber spinning unit as shown in Figure 4.2 (a). The solution 
maintained at 75 °C was first spun at 5.7 m/min with the air gap of about 3 mm through the spinneret 
(8 holes, 150 μm diameter/ hole) and then introduced to a coagulation bath of DI water at 10 °C. The 
as-spun fibers were collected with a take-up roller at 16 m/min at room temperature. The spin-draw 
ratio (SDR) of as-spun fibers was 2.8. To remove the residual DMAc, the fibers were immersed in DI 
water for a day at room temperature. Then, post-drawing was performed using two heating rollers at 
55 ℃ and target temperature from 75 to 165 ℃, respectively (Figure 4.2 (b)). To assess the structural 
development of the fibers upon drawing, the fibers were post-drawn at the post draw ratio (PDR) of 1.5, 
2.0, 2.5 and so on. The post-drawing proceeded until the filament broke. The total draw ratio (TDR) 




 The fracture morphologies of cross-section of fibers were observed with a field emission 
scanning electron microscope (FE-SEM, Nanonova 230, FEI Co.) at an accelerating voltage of 10 kV 
after the sputter-coating with platinum at 20 mA for 60 s. 
 Tensile properties of the PEI and PEI/CNC nanocomposite fibers were measured with a single 
filament tensile tester (FAVIMAT+, Textechno, GmbH) at a strain rate of 1%/s and at a gauge length of 
1 inch with a pretension of 1.0 cN/tex. Linear density of the fiber specimens was measured by a 
vibroscope attached to the tensile tester before tensile testing. The effective diameters of the 
monofilaments were calculated based on the measured linear density and the known bulk density of PEI 
(1.27 g/cm3). At least 20 filaments were tested for each specimen for reliability. 
 To investigate the glass transition temperatures and chain relaxation behaviors of fibers, 
dynamic mechanical analysis (DMA, Q800, TA Instrument Inc.) were performed from 50 to 250 °C 
with a ramping rate of 3 °C/min at a frequency of 1 Hz. 
 Transmission wide-angle X-ray diffraction (WAXD) was conducted at the PLS- II 6D UNIST-
PAL beamline of the Pohang Accelerator Laboratory in Pohang, Republic of Korea. The energy of the 





4.3. Result and Discussion  
4.3.1 Post-drawing condition of PEI and PEI/CNC nanocomposite fibers 
 The maximum drawing ratio at each drawing temperature is represented in Figure 4.3. At the 
higher drawing temperature, the PEI fibers tend to be further drawn, resulting in the larger value of the 
maximum DR (Figure 4.3a). Interestingly, the maximum DR jumped up at drawing temperature 105, 
125 and 155 ℃, respectively. These temperatures seem to be related to the transition temperature of 
PEI. Fukuhara and Mikio studied the thermally activated structural change of PEI over a temperature 
range from -204 to 201 ℃ using the ultrasonic pulse method 71. They concluded that the temperatures 
of 98, 122 and 157 ℃ are considered as the transition temperatures assigned to β‐ (softening‐glass 
transition), rotational vibration of main benzene rings and a local relaxation of the main chain, 
respectively 71. These transition temperatures correspond with the drawing temperature at which the 
PEI fibers can be further drawn by providing the thermal energy for mobility of polymer chains, 
resulting in the higher TDR 86, 87. However, above 160 ℃, PEI filaments started to merge because PEI 
started to melt due to the residue solvent. As a result, the drawn fibers at 165 ℃ can’t be separated into 
the monofilaments. 
 With incorporating CNCs into PEI fibers, the maximum TDR of nanocomposite fibers is lower 
compared to control PEI fibers at the same temperature (Figure 4.3b). This tendency seems to be from 
the constraint of chain mobility by the presence of CNCs 88, 89. During spinning, PEI chains are deformed 
by shear stress and oriented 90. The oriented chains are unstable state due to the low entropy at highly 
oriented state 87. Therefore, the stretched PEI chains try to return the random-coiled state as soon as the 
solution gets out of the spinneret holes 87. With incorporating CNCs, CNCs can be aligned along the 
shear direction due to rod shape with high aspect ratio 88, 89. As a result, they forbid the mobility of PEI 
chains to some extent after initial deformation during spinning like fixing 88, 89. As well as, with 
incorporation of CNC, the PEI/CNC nanocomposite fibers can’t be drawn at higher temperature. Maybe, 





Figure 4.2 (a) The schematic descriptions of a (a) dry-jet wet spinning and a (b) post-drawing process. 
 
 
Figure 4.3 The maximum draw ratio of (a) control PEI and (b) PEI/CNC nanocomposite fibers at target 
temperature from 75 to 165 ℃. 
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4.3.2 The tensile properties of PEI and PEI/CNC nanocomposite fibers 
 The tensile properties dependent on the content of CNC are represented in Table 4.1, 4.2, 4.3 
and 4.4, respectively. With increasing DR at the same drawing temperature, the tensile strength and 
tensile modulus increased but the strain to failure and toughness as well as diameter decreased 
regardless of the contents of CNC. The more stretched state of polymer chains, the higher force is 
required for initial deformation, resulting in the high modulus 91, 92. It is interesting that the tensile 
strength and modulus of the further drawn fibers with DR 8.4, 9.8 and 11.2 above 145 ℃ are lower or 
similar with those of the drawn fibers with low DR below 115 ℃. It seems to be the release of 
entanglement of polymer chains by the chain slippery during post-drawing at the high temperature, 
followed by the rapid relaxation due to the high thermal energy to provide the chain mobility 87, 90. At 
the low temperature such as 75 and 85 ℃, the oriented state can be fixed to some extent without the 
relaxation as much as the one of high temperature 87. Interestingly, the maximum TDR is same at 115 ℃ 
regardless of the content of CNC. Therefore, the drawn fibers at 115 ℃ were selected to examine the 
effect of CNCs into the behavior of PEI chains in fiber with various draw ratio. 
 The tendencies about tensile properties of drawn fibers at 115 ℃ are indicated in Figure 4.4. 
The stress-strain curves for each fiber are also shown in Figure 4.5. The yielding and strain hardening 
behavior of fibers decreases, regardless of the concentration of CNC. This may be due to the reduced 
occurrence of plastic deformation until the entanglement between PEI chains is released and the fibers 
are broken as the chains become extended by tensile force 72, 77, 93. Consequently, the strain to failure 
and toughness also decreased while the tensile strength and modulus were improved about 200-300% 
by 2.5 times of post-drawing. On the other hand, according to the CNC amount, an increase in tensile 
modulus and a decrease in the tensile strength and toughness were observed. Dwivedi et al. also 
observed the same tendency when nanofillers were incorporated in PEI films 81, 94. They suggested that 
nanofillers can lead to discontinuity among the polymeric chains in the role of a plasticizer, causing 
strength reduction. Tensile modulus, however, is known to be related to the crystal size and the degree 
of orientation of the microstructure 95. Since the PEI used in this study is an amorphous polymer that 
cannot be crystallized, the improved tensile modulus is expected to be influenced by the degree of 
orientation of the PEI chains and CNC, and the high specific modulus (~150 GPa) of the CNC itself 4, 
84, 85. The interaction with CNC can also contribute to stiffness as it prevents deformation under tension 
96. At TDR 7.0, the tensile strength of the control and PEICNC5 fibers were 466.2 and 348.0 MPa, and 
the tensile moduli of those fibers were 8.1 and 9.3 GPa, respectively. Notably, the reduction rate of 
tensile strength and toughness was lowest in the PEICNC3 fiber compared with the control fiber, and 
the tensile modulus was as high as that of PEICNC5 fiber at all DR. Therefore, 3 wt.% of CNC in PEI 
nanocomposite fibers seems to be an appropriate amount to produce relatively high values of all 
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mechanical properties with strong interaction between them, which agrees well with the DMA result (It 
will be discussed in section 3.3.4). For comparison of the mechanical properties of these dry-jet wet 
spun PEI fibers and various PEI-based nanocomposite systems, each tensile strength and modulus value 
is exhibited in Figure 4.4d 72, 78, 80-84, 97, 98. The properties in the current study are the highest among 
reported values so far, with a large difference compared to others. This is due to the processing 
conditions: a dry-jet wet spinning method developed by Dupont Co. for high DR, and post-drawing 99. 
These data also verified the effects of DR on mechanical properties are greater than those of CNC 
(Figures 3.4a-c), indicating that extension of the polymeric chain, even in the amorphous polymer is 






















As-spun: 2.8 44.8 ± 0.9 163.4 ± 26.2 3.6 ± 0.1 184.7 ± 53.4 181.8 ± 68.0 
75 4.2 37.7 ± 0.7 280.4 ± 41.2 6.0 ± 0.2 93.7 ± 28.3 169.5 ± 59.2 
85 
4.2 38.8 ± 0.4 267.0 ± 38.0 5.6 ± 0.1 96.8 ± 32.6 165.6 ± 62.9 
5.6 34.6 ± 0.8 346.3 ± 42.8 7.0 ± 0.3 50.6 ± 20.8 117.4 ± 54.6 
95 
4.2 38.4 ± 1.1 255.6 ± 41.7 5.8 ± 0.3 72.9 ± 30.8 123.3 ± 63.5 
5.6 33.9 ± 0.5 371.2 ± 35.4 6.9 ± 0.2 49.3 ± 12.8 118.2 ± 35.0 
105 
4.2 38.9 ± 0.9 258.7 ± 43.6 5.5 ± 0.3 82.0 ± 33.5 139.6 ± 68.9 
5.6 33.9 ± 0.5 361.6 ± 50.7 7.0 ± 0.3 52.7 ± 22.2 127.5 ± 60.4 
7.0 30.2 ± 0.5 433.6 ± 46.9 8.1 ± 0.3 28.5 ± 13.4 82.2 ± 44.7 
115 
4.2 38.7 ± 0.6 252.5 ± 43.7 5.5 ± 0.2 77.9 ± 32.4 132.0 ± 64.7 
5.6 33.6 ± 0.5 372.7 ± 40.4 7.1 ± 0.3 53.9 ± 19.2 132.4 ± 52.3 
7.0 29.9 ± 0.7 466.2 ± 38.9 8.1 ± 0.3 39.9 ± 10.9 120.9 ± 36.2 
125 
4.2 38.4 ± 0.6 253.0 ± 43.7 5.1 ± 0.1 92.1± 35.1 152.1 ± 67.4 
5.6 34.1 ± 0.8 345.3 ± 39.6 6.3 ± 0.3 60.6 ± 13.7 134.5 ± 36.5 
7.0 30.6 ± 0.6 435.3 ± 32.5 7.4 ± 0.3 41.4 ± 8.1 115.0 ± 26.6 
8.4 28.3 ± 0.5 568.8 ± 56.2 8.7 ± 0.4 24.2 ± 6.0 83.4 ± 25.6 
135 
4.2 37.5 ± 0.9 253.7 ± 38.9 4.9 ± 0.3 95.2 ± 27.7 151.2 ± 54.9 
5.6 33.1 ± 0.9 348.8 ± 32.4 6.1 ± 0.2 59.7 ± 11.9 130.5 ± 31.7 
7.0 30.8 ± 0.8 423.2 ± 42.6 7.3 ± 0.2 33.2 ± 10.8 87.1 ± 33.9 
8.4 28.7 ± 0.7 448.9 ± 48.1 7.5 ± 0.3 27.7 ± 8.1 76.2 ± 27.4 
145 
4.2 38.5 ± 1.9 263.7 ± 39.0 4.5 ± 0.3 105.7 ± 25.0 163.9 ± 43.1 
5.6 33.6 ± 1.1 335.2 ± 33.9 5.1 ± 0.3 67.0 ± 11.8 128.1 ± 31.4 
7.0 30.2 ± 0.7 409.8 ± 40.0 6.6 ± 0.2 39.3 ± 7.5 96.6 ± 24.1 
8.4 28.3 ± 0.7 390.4 ± 49.6 6.6 ± 0.6 26.7 ± 4.0 60.6 ± 12.4 
9.8 26.7 ± 0.6 421.6 ± 27.7 6.6 ± 0.3 19.6 ± 2.7 46.9 ± 7.7 
155 
4.2 38.2 ± 1.1 220.7 ± 39.2 4.4 ± 0.2 93.8 ± 26.1 129.6 ± 48.0 
5.6 34.0 ± 1.0 320.3 ± 22.3 4.9 ± 0.2 78.7 ± 10.8 142.5 ± 24.1 
7.0 30.1 ± 0.5 297.4 ± 27.1 4.9 ± 0.2 45.8 ± 5.9 77.0 ± 15.1 
8.4 28.4 ± 0.8 330.9 ± 44.0 5.6 ± 0.5 28.8 ± 4.4 54.4 ± 8.5 
9.8 25.3 ± 0.8 198.0 ± 8.5 4.7 ± 0.2 28.0 ± 4.5 35.0 ± 5.3 























As-spun: 2.8 46.1 ± 0.7 154.2 ± 6.6 4.0 ± 0.1 168.4 ± 10.4 159.2 ± 13.1 
75 
4.2 35.8 ± 0.6 232.5 ± 11.0 6.1 ± 0.2 76.0 ± 5.0 120.0 ± 8.1 
5.6 31.7 ± 0.5 307.4 ± 16.9 7.8 ± 0.3 37.2 ± 4.4 79.3 ± 10.8 
85 
4.2 36.1 ± 0.9 227.2 ± 13.8 6.1 ± 0.4 72.2 ± 7.1 114.0 ± 12.3 
5.6 31.5 ± 0.6 301.7 ± 17.0 7.8 ± 0.3 34.6 ± 4.8 73.4 ± 11.1 
95 
4.2 35.9 ± 0.9 231.9 ± 21.1 6.0 ± 0.4 78.1 ± 10.6 123.4 ± 19.3 
5.6 31.5 ± 0.4 290.7 ± 15.6 7.6 ± 0.2 28.6 ± 11.7 58.3 ± 28.0 
105 
4.2 36.3 ± 0.8 220.1 ± 13.1 5.8 ± 0.3 70.1 ± 12.0 100.6 ± 39.7 
5.6 31.0 ± 0.8 331.5 ± 18.7 8.0 ± 0.4 37.5 ± 2.7 85.2 ± 6.3 
7.0 28.5 ± 0.9 395.0 ± 24.8 8.5 ± 0.4 20.7 ± 3.9 53.8 ± 10.6 
115 
4.2 35.9 ± 1.0 224.8 ± 14.7 5.8 ± 0.3 70.7 ± 7.2 110.3 ± 13.1 
5.6 31.3 ± 1.1 313.2 ± 21.0 7.4 ± 0.3 35.3 ± 4.7 75.2 ± 8.9 
7.0 28.5 ± 0.7 405.5 ± 24.3 8.8 ± 0.5 19.9 ± 2.8 53.0 ± 9.3 
125 
4.2 36.0 ± 0.9 235.6 ± 13.4 5.9 ± 0.2 74.3 ± 10.3 118.3 ± 13.9 
5.6 32.4 ± 0.6 326.7 ± 17.5 7.3 ± 0.3 40.0 ± 4.0 87.3 ± 10.2 
7.0 28.7 ± 0.9 443.1 ± 24.3 8.9 ± 0.7 26.2 ± 3.6 74.7 ± 8.6 
135 
4.2 35.9 ± 0.8 257.4 ± 18.2 6.1 ± 0.3 77.4 ± 13.0 131.4 ± 24.0 
5.6 32.4 ± 0.6 333.5 ± 15.5 7.3 ± 0.3 42.4 ± 4.5 92.2 ± 10.0 
7.0 29.6 ± 0.9 414.1 ± 23.8 7.9 ± 0.3 28.6 ± 3.8 74.4 ± 10.6 
145 
4.2 37.3 ± 0.8 245.9 ± 16.6 5.5 ± 0.3 90.2 ± 4.2 140.2 ± 7.1 
5.6 32.8 ± 0.8 316.1 ± 19.0 6.3 ± 0.3 48.6 ± 6.7 94.5 ± 13.4 
7.0 29.7 ± 1.2 375.0 ± 21.4 7.2 ± 0.5 31.2 ± 4.4 71.6 ± 10.4 
155 
4.2 36.5 ± 1.0 237.3 ± 16.1 5.4 ± 0.3 85.8 ± 4.6 127.3 ± 5.5 
5.6 32.3 ± 1.3 297.6 ± 30.0 6.0 ± 0.3 55.2 ± 7.2 99.8 ± 16.6 
7.0 29.5 ± 1.0 293.2 ± 27.1 6.1 ± 0.4 34.3 ± 5.0 61.6 ± 10.5 























As-spun: 2.8 42.4±0.7 150.8±5.7 4.9±0.1 148.9±11.3 147.2±12.8 
75 
4.2 34.5±0.8 233.7±8.7 7.0±0.4 75.9±6.3 119.6±7.0 
5.6 31.0±0.4 299.1±6.0 8.3±0.2 45.9±1.9 93.2±3.9 
85 
4.2 34.9±0.7 228.9±8.6 6.9±0.3 80.3±9.8 123.3±12.2 
5.6 30.8±0.4 302.0±7.8 8.5±0.2 43.1±3.1 88.3±6.4 
95 
4.2 34.3±2.3 221.6±26.1 6.9±0.8 69.7±11.8 105.7±16.4 
5.6 31.1±0.4 293.8±4.9 8.2±0.2 39.1±6.4 79.3±12.1 
105 
4.2 35.5±0.5 218.5±8.0 6.4±0.1 82.1±9.5 120.3±11.2 
5.6 30.8±0.6 297.5±10.1 8.2±0.2 40.8±4.6 82.2±7.8 
115 
4.2 35.0±0.6 243.2±14.9 6.6±0.3 91.0±10.3 243.2±14.9 
5.6 30.7±0.4 340.0±9.7 8.2±0.2 51.6±3.7 114.8±9.3 
7.0 27.9±0.5 408.9±20.9 9.2±0.3 31.9±1.8 83.7±5.2 
125 
4.2 34.9±1.4 231.3±28.3 6.4±0.5 88.0±6.6 132.8±8.3 
5.6 30.7±0.4 321.9±9.9 7.7±0.2 49.3±3.3 101.6±5.6 
7.0 28.2±0.4 395.9±12.1 8.6±0.2 34.2±2.9 85.3±7.7 
135 
4.2 34.5±0.7 249.7±12.5 6.6±0.3 98.0±8.2 156.1±15.0 
5.6 30.9±0.7 322.2±15.9 7.2±0.2 51.6±5.3 103.6±12.5 
7.0 28.4±0.6 380.8±14.5 8.0±0.2 36.7±1.9 84.8±5.6 
145 
4.2 36.0±0.8 213.9±20.6 6.0±0.2 90.8±13.0 125.3±22.5 
5.6 32.1±1.4 281.9±36.4 6.6±0.4 53.4±5.0 92.7±16.3 























As-spun: 2.8 43.0±0.6 133.0±7.2 4.8±0.2 127.9±15.8 115.8±16.5 
75 
4.2 36.3±0.9 196.7±13.9 6.6±0.3 64.2±8.8 89.3±24.4 
5.6 30.8±0.8 285.1±15.6 8.6±0.3 28.4±6.3 56.3±14.6 
85 
4.2 35.2±0.9 212.1±14.0 7.1±0.4 65.0±6.5 99.4±11.9 
5.6 31.4±0.8 273.8±14.2 8.3±0.3 30.0±7.4 53.8±20.7 
95 
4.2 35.2±1.1 207.0±10.7 6.8±0.3 56.8±8.7 85.0±12.6 
5.6 31.1±0.7 280.4±20.5 8.1±0.3 29.0±7.0 55.0±19.2 
105 
4.2 36.0±1.1 200.3±9.8 6.7±0.4 61.2±12.3 81.6±34.2 
5.6 30.8±0.7 292.4±12.4 8.3±0.3 32.2±3.7 65.4±7.4 
115 
4.2 35.7±0.7 203.7±13.4 6.8±0.2 62.2±9.7 85.9±30.8 
5.6 31.4±0.4 285.7±10.8 8.1±0.3 34.0±5.7 63.8±20.6 
7.0 28.8±0.7 348.0±19.5 9.3±0.3 17.3±4.4 38.9±11.7 






Figure 4.4 The behavior of (a) tensile strength, (b) tensile modulus and (c) toughness of drawn fibers at 
115 ℃, depending on the various DR and the amount of CNCs. (d) Comparison of mechanical 
properties of PEI-based fibers. The numbers in legend parenthesis of d represent wt.% of nanofiller with 





Figure 4.5 Stress-strain curves of control PEI and PEI/CNC nanocomposite fibers, which were drawn 





4.3.3 Fiber morphology of PEI and PEI/CNC nanocomposite fibers 
 Figure 4.6 shows SEM images of cross-sections of dry-jet wet spun fibers with CNC contents 
and draw ratio. All fibers are drawn fibers at 115 ℃ and exhibit circular cross-sectional shape. In 
fracture images of the control PEI and PEICNC1 fibers (Figures 4.6), the crack initiation points are 
marked on the fiber skin as red arrows. The fracture was likely to start in the skin region and then 
propagated to the core due to heterogeneous stress distribution based on the irregular structure of fibers 
100. However, in the nanocomposite fibers with high contents of CNC (the two bottom lines), the specific 
fracture source is not observed suggesting the tensile force was evenly distributed based on the structural 
uniformity of fibers. 
 Figure 4.7 represents the magnified SEM images of the domains within the monofilament of 
fibers. It is important to note that the fibrous domain size was significantly increased even by the 
addition of 1 wt.% of CNC when compared to the control PEI fiber, due to hydrogen bonding between 





Figure 4.6 SEM image of cross-sections of control PEI and PEI/CNC nanocomposites drawn at 115 ℃. 




Figure 4.7 The magnified SEM image of cross-sections of control PEI and PEI/CNC nanocomposites 




4.3.4 The glass transition temperature of PEI and PEI/CNC nanocomposite fibers 
 The molecular mobility as reflected by the glass transition temperature (Tg) can also be 
considered as a criterion of interaction between the polymeric chain and nanofillers 72, 105. Figure 4.8 
displays the storage modulus and loss factor curves (tan δ) of fibers with a DR of 7, showing that the 
magnitude of tan δ decreases and the Tg increases with the amount of CNC. The Tg of control and CNC5 
fibers were 227.6 and 232.6 °C, and the value of tan δ at the Tg were 1.82 and 0.93, respectively. These 




Figure 4.8 (a) Storage modulus and (b) loss factor (tan δ) curves of fibers with DR of 7.0. The Tg and 




4.3.5 Chain orientation and CNC alignment of PEI and PEI/CNC nanocomposite fibers  
 To examine the orientation behavior of the PEI polymeric chain and CNC in the fibers as a 
function of TDR and the amount of CNC, WAXD pattern images are shown in Figure 4.9 and each peak 
is assigned in Figure 4.10. Three major crystal planes: (110), (200), and (004) of CNC are apparently 
observed 3, 85, 106, 107. From the as-spun fiber, the (110) and (200) planes are already aligned along the 
fiber axis, and the (004) plane is in the transverse direction of the fibers, indicating that the CNCs can 
be arranged even at low TDR. Their orientation increases further upon post-drawing and the arcs which 
refers to each peak become small spots with high intensity. The control PEI shows four broad 
amorphous halos according to the intersegmental distance of chains 108. All peaks except peak 1 are 
ring-shaped in the pattern images of as-spun fibers caused by the isotropic arrangement of PEI chains. 
Among them, peaks 2 and 3 become clearly aligned in the axial direction during drawing while peak 4 
shows a slight change with respect to the TDR and the amounts of CNC. Despite the amorphous nature, 
it has already been confirmed that the chains can be oriented along the direction of tensile force 109-113. 
Murthy et al. proved the amorphous chain segments were oriented parallel to the drawing direction and 
packed more densely than in the perpendicular direction 112. They also confirmed that the density of the 
amorphous phase is different in the two directions. Further, Leal et al. pointed out that the amorphous 
polymer can have a preferred alignment direction and interchain distance between the polymeric chains 
by drawing 110. Peak 1 of PEI, which is not seen in the as-spun fiber, appears after post-drawing and 
becomes clear with increasing TDR. This meridian peak does not originate from the molecular structure 
of PEI but there is a long-range order based on the highly extended state of chains with regular 
periodicity, as also observed in the oriented semi-crystalline polymeric chains just before crystallization 
114, 115, or highly drawn amorphous polymers 113. The small-angle X-ray scattering (SAXS) patterns in 
the 2D WAXD pattern images reflect the shape of the micro-voids as represented in the inset images of 
Figure 4.9. As the TDR increases, the SAXS pattern changes from circular to a diamond shape and the 
area where the SAXS intensity appears become narrow. These results arise from the change of micro-
voids to an elongated shape along the fiber axis with the improvement of alignment of microstructure 
and micro-voids 116. Hence, it seems that post-drawing contributes greatly to structural alignment. 
 Figures 3.11-3.13 show the integrated, equatorial and meridional scans of PEI-based fibers, 
respectively. To investigate the change in intensity of various peaks upon drawing, the integrated and 
equatorial scans were normalized by peak 2 and the meridional scan was normalized by peak 4 of PEI. 
In all the spectra, the intensity of sharp CNC peaks increases with respect to the amount of CNC. In 
particular, as shown in the 2D pattern images (Figure 4.9), CNC(200) is more obvious in the equatorial 
scan while the CNC(004) is more obvious in the meridional scan based on its orientation. The change 
of peaks is not well observed in the equatorial scan because the intensity of peak 4 and CNC(004) are 
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too small compared to peak 2 (Figure 4.12). In the meridional scan (Figure 4.13), the peak intensity in 
the range of 10-30 ° of 2θ decreases and that of CNC(004) increases dramatically with CNC content. 
Given that the change in peak 4 with CNC content in the equatorial scan is very subtle, it is thought that 
the orientation of the (110) and (200) planes of CNC to the axial direction has a significant effect on the 
intensity reduction in the 10-30 ° range, rather than the influence of PEI. On the basis of post-drawing, 
the relative intensity of peak 4 compared to peak 2 increases, suggesting the alignment of fiber structures.  
 Azimuthal scans of peak 2 of PEI with CNC(110) of fibers are shown in Figure 4.14, and those 
of peak 3 with CNC(200) are shown in Figure 4.15. Since the PEI and CNC peaks in each figure appear 
at the same 2θ position in the WAXD spectrum, the azimuthal scan also shows their superimposed 
spectra. Both azimuthal peaks in Figures 4.14 and 4.15 are observed at 90° of azimuthal angle due to 
the alignment along the fiber axis. On the other hand, the azimuthal angle of the meridian CNC(004) 
peak is 180°, which is normal to the fiber axis (Figure 4.16). It is noticeable that the azimuthal peak of 
CNC(004), which is related to the orientation of CNC alone, is much sharper than the peak from PEI 
mixed with CNC. Based on these results, their calculated Hermann’s orientation factors are also several 
times different in the PEI nanocomposite fibers, as exhibited in Table 4.5 117. This means that the degree 
of orientation of the crystalline phase, CNC, is much higher than that of the amorphous PEI. With 
increasing DR and CNC amounts, all azimuthal peaks mentioned above become sharper and each PEI 
and CNC peaks in the overlapped spectrum become distinguishable as the difference of orientation 
between amorphous and crystalline phase increases.  
 For detailed analysis of the orientation of PEI polymeric chains, the overlapped spectra 
observed in the equatorial direction were deconvoluted (Figure 4.17) 118. In addition, the orientation 
factors of each PEI (fPEI) and CNC (fCNC) after deconvolution are shown in Table 4.6 and Figure 4.18. 
The change of the degree of orientation of the overall spectrum (before deconvolution) according to the 
DR is easily observed while a very slight change by CNC amounts in the fibers. After deconvolution, it 
is confirmed that the CNCs are arranged continuously along the fiber axis with increasing DR and the 
amounts of CNC, which is in accord with the change of fCNC(004). However, the behavior of fPEI with the 
CNC amounts is noticeably different from that of fCNC. The value of fPEI is highest in the control fiber 
and is dramatically reduced by the addition of 1 wt.% of CNC. Although fPEI increases slowly again to 
the 5 wt.% of CNC, the value is still lower than in the control fibers at all DR, indicating the negative 
effect of CNC on the arrangement of PEI chains. It is already known from the previous study that 
amorphous orientation is interrupted by a crystalline phase 119. Hence, it is thought that the amorphous 
PEI chain around the rigid crystalline CNC with highly anisotropic arrangement cannot be aligned as 
chains in the control fiber no matter how they interact, as shown in Figure 4.19. Another point to note 
is that the value of fCNC is much higher than that of fPEI, and it starts to develop from quite a high value 
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as a function of DR and CNC amounts. Also, the rapid development of crystalline orientation along the 
fiber axis was observed as compared with the slower development of amorphous orientation, which is 
common behavior for flexible chain polymers 120, 121. In order to compare the degree of orientation of 
each phase under tensile deformation, the behavior of fPEI and fCNC for CNC5 fibers is exhibited in figure 
4.20. Peaks 2 and 3 of PEI show a low orientation factor of 0.01-0.18 even after drawing to a maximum 
extent, but CNC is highly oriented, with fCNC(110) increasing from 0.46 to 0.61 and fCNC(200) from 0.63 to 
0.75 upon drawing. The difference in molecular orientation is a common phenomenon not only in 
PEI/CNC nanocomposites but also in other mixed systems of amorphous and crystalline phases 122. This 
is attributed to their two main structural differences: entanglement and molecular cohesion 123. Firstly, 
entanglement in the amorphous phase limits segmental extensibility, especially in the entanglement 
junctions 120, 121. When tensile force is applied, the entanglement junctions which act as physical 
crosslinking points of polymeric chains can be released, causing discontinuity of the structure. Secondly, 
high intermolecular cohesion with a high packing density of crystal phase can retard the molecular 
segmental relaxation toward an isotropic and disordered state. Also, they can alleviate relative slippage 
among stretched segments and thus be helpful to increase molecular orientation. On the other hand, the 
low cohesive energy density of the amorphous phase may explain the small sensitivity to change and 
difficulty of chain alignment. From these results, it can be seen that the increase of the orientation in 
overall spectrum as a function of DR (Figures 3.18a and 3.18d) as well as the increase of tensile modulus 






Figure 4.9 2D WAXD pattern images of (a) control PEI, (b) CNC1, (c) CNC3 and (d) CNC5 fibers. 
Images are arranged in order with TDR of 2.8 (as-spun), 4.2, 5.6 and 7.0 from top to bottom. The inset 





Figure 4.10 Peak assignments shown in the 2D WAXD pattern images. The assignments with black 






Figure 4.11 The 2D WAXD integrated scans of the PEI and PEI/CNC fibers at various TDRs of (a) 2.8 





Figure 4.12 The 2D WAXD equatorial scans of the PEI and PEI/CNC fibers at various TDRs of (a) 2.8 





Figure 4.13 The 2D WAXD meridional scans of the PEI and PEI/CNC fibers at various TDRs of (a) 2.8 





Figure 4.14 The 2D WAXD azimuthal scans of peak 2 of PEI and CNC(110) planes in PEI-based fibers 





Figure 4.15 The 2D WAXD azimuthal scans of peak 3 of PEI and CNC(200) planes in PEI-based fibers 










Figure 4.17 The deconvoluted 2D WAXD azimuthal scans from (a, b) peak 2 of PEI and CNC(110) and 
(c, d) peak 3 of PEI and CNC(200) of CNC5 fibers. The calculated Hermann’s orientation factor of total 





Figure 4.18 The change of Hermann’s orientation factor from the (a, d) overall azimuthal spectrum, and 
the deconvoluted (b, e) PEI and (c, f) CNC spectra. The orientation factors in the upper row are 
calculated from the azimuthal scans of (a-c) peak 2 and CNC(110), and the bottom row are from (d-f) 
peak 3 and CNC(200). 
 
 
Figure 4.19 The schematic descriptions of chain alignment for the (a) control PEI and (b) PEI/CNC 





Figure 4.20 The change of Hermann’s orientation factors of the various deconvoluted PEI and CNC 
peaks shown in the equatorial direction in the 2D pattern image depending on the TDR. 
 
Table 4.5 The calculated Hermann’s orientation factors of the PEI and PEI/CNC fibers from 2D WAXD 









































0.03 0.03 0.04 0.05 0.10 0.05 0.09 0.55 0.06 0.12 0.67 
DR 
4.2 
0.13 0.13 0.13 0.14 0.20 0.13 0.17 0.60 0.13 0.19 0.76 
DR 
5.6 
0.18 0.18 0.19 0.20 0.65 0.20 0.23 0.68 0.18 0.23 0.78 
DR 
7.0 
0.23 0.22 0.24 0.24 0.67 0.24 0.24 0.75 0.25 0.29 0.86 
108 
 
Table 4.6 The calculated Hermann’s orientation factors of the peaks shown in the equatorial direction 
of PEI and PEI/CNC fibers from 2D WAXD azimuthal scans at various DR. 
  
 Peak 2 + CNC (110) 
 Control CNC1 CNC3 CNC5 
 PEI PEI CNC PEI CNC PEI CNC 
DR 2.8 
(as-spun) 
0.03 0.01 0.22 0.01 0.40 0.01 0.46 
DR 4.2 0.13 0.01 0.38 0.01 0.44 0.03 0.50 
DR 5.6 0.18 0.02 0.41 0.02 0.49 0.07 0.58 
DR 7.0 0.23 0.10 0.52 0.09 0.55 0.12 0.61 
 Peak 3 + CNC (200) 
 Control CNC1 CNC3 CNC5 
 PEI PEI CNC PEI CNC PEI CNC 
DR 2.8 
(as-spun) 
0.03 0.01 0.42 0.02 0.51 0.03 0.63 
DR 4.2 0.13 0.02 0.41 0.06 0.56 0.06 0.67 
DR 5.6 0.18 0.01 0.42 0.14 0.67 0.10 0.71 




 Control PEI and PEI/CNC nanocomposite fibers with the highest mechanical properties 
reported so far were fabricated by dry-jet wet spinning and post-drawing. Also, the behavior of their 
mechanical properties and the structural changes of the fibers were observed with respect to the DR and 
the amount of CNC. Both the tensile strength and modulus were increased upon drawing, while the 
strength decreased, and the modulus increased with increasing CNC amounts. Notably, the increase of 
tensile modulus was not due to the alignment of PEI chains but to the alignment of CNC and the high 
specific modulus of CNC itself, since CNC disturbs the chain orientation along the fiber axis. Further, 
CNC, which is a crystalline material, already showed a high degree of orientation in the as-spun fibers, 
and it developed rapidly with drawing. In comparison, the amorphous PEI chains showed much lower 
orientation factor even after drawing to a maximum extent, which is attributed to chain entanglements 
and low cohesive energy density. This study provides an understanding of the effects of CNC on PEI 
polymeric chains and can be applied to other systems consisting of amorphous polymers and crystalline 
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